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The identification of  vinyl chloride (VC) as a human carcinogen [4] has ini- 
t iated considerable concern with respect to the possible mutagenicity and car- 
cinogenicity of  other  halo-olefins, because of  the ubiquitous distribution of  a 
number  of  these halocarbons in the manufacture of synthetic polymers in the 
plastics and rubber  industries [3]. Extensive studies by Bartsch et al. [ 1,2] have 
shown ths t  VC, vinyl bromide, 2-chloro-l ,3-butadiene (chloroprene), 1-chloro- 
1,3- trans-butadiene,  1,4-dichlorobutene-2 and a related epoxide 1,4-dichloro-2,- 
3-epoxybutane,  were mutagens in some histidine-requiring strains of  Salmonel la  
t y p h i m u r i u m .  VC [7,8] and vinyl bromide (unpublished data) were also tested 
in Drosophila and were active in the product ion of  recessive-lethal mutations.  
Because there is obviously a need to collect more data on the mutagenicity of 
halo-olefins, we assayed 4 of  these compounds  in the recessive-lethal test in 
Drosophila, namely 2-chloro-l ,3-butadiene,  1-chloro-l ,3-butadiene, 1,4-dichlo- 
robutene-2 and 1,4~lichloro-2,3-epoxybutane. Preliminary data of  this work 
were presented at a Conference on "In Vitro Metabolic Activation in Mutagen- 
esis Testing" [9].  



All 4 compounds  were kindly provided by Dr. H. Bartsch (IARC, Lyon).  Ac- 
cording to Bartsch et al. [ 1 ], the chemical grades of  the chemicals were the fol- 
lowing: 2-chloro-l ,3-butadiene (chloroprene; b.p. 59°C, purity 99%, containing 
as chlorinated consti tuents 0.8% of 1-chlorobutadiene, crotyl  chloride at ~<200 
ppm, 2-chlorobutene-1 and t rans-2-chlorobutene-2  at ~<80 ppm and negligible 
amounts  of  chloroprene dimers); 1-chloro- l ,3 - t rans-butadiene  (b.p. 63°C, pu- 
rity 92.5%, containing 2% cis-2-chlorobutene-2 ,  5% of 2-chlorobutadiene and 
t e r t -bu ty lch lor ide  at 800 ppm); 1,4-dichlorobutene-2 (76.8% trans and 21.6% 
cis isomer, b.p. 152°C) and 1,4<lichloro-2,3-epoxybutane (purity 97%, mixture 
of  cis and trans isomers). In some of the experiments,  a batch of  highly purified 
chloroprene was used (>99.7%, containing phenothiazene (25 ppm) as antioxi- 
dant) which was synthesized by Bayer (Leverkusen, FRG).  
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The test substances were dissolved in DMSO and then diluted with 5% 
sucrose solution to give final DMSO contents of 1% and the desired test con- 
centration. Adult males (2--3 days old) of  our wild-type strain Berlin K were 
treated at 25°C for 1--3 days, with a standard feeding technique [10]. A 
change in the feeding procedure was that  the beakers containing the test solu- 
tions and the males to be treated were sealed with a double layer of aluminum 
foil and put into a desiccator, because of  the volatile character of  chloroprene 
and 1-chlorobutadiene. The B a s c  technique for the detection of recessive-lethal 
mutat ions on the X-chromoseme served to indicate mutagenic activity. Treated 
Berlin K males were individually mated with virgin Irl(1)scS1LscSR÷s, 
s c  s l  s c  a w a B females [6] at the rate of  3--4 females per male. Fresh females 
were provided at intervals of 72 h (brood 1) or 48 h (broods 2 and 3). All cul- 
tures were maintained at 25°C, and suspected recessive lethals were examined 
in an F 3 generation. 



Table 1 shows the percentages of recessive-lethal mutations for the tests on 
chloroprene and 1-chlorobutadiene. In the case of chloroprene, which has been 
most extensively studied so far, there was no indication of  a concentration-- 
effect relationship. Statistical analysis according to the method by Kastenbaum 
and Bowman [ 5] was used to examine whether the small differences in the per- 
centages of lethals obtained in the chloroprene-treated series significantly 
exceeded the spontaneous mutat ion frequency. When all the data for chloro- 
prene were pooled (53 lethals in 15941 X-chromosomes) and compared with 
the pooled material from 7 control experiments, the difference was indeed sig- 
nificant at the 1% confidence level. 



Two different samples of  chloroprene were used. The departure in biological 
effects between the two was that  the highly purified sample showed no cyto- 
toxic effect (Expts. 4--7); however, 40--60% of treated males died within 66-- 
72 h after exposure to 11.4 mM, when the test solution was prepared from the 
chloroprene sample containing several impurities (Expts. 1--3). Because there 
were no apparent differences between the two chloroprene samples in their 
mutagenic effectiveness, the possibility can be ruled out that  impurities 
accounted for the effects observed in the experimental series 1, 2 and 3 (Ta- 
ble 1). A slightly higher mutagenic effectiveness of 1-chlorobutadiene is sug- 
gested by the results in Table 1, representing the distribution of  lethals over 
3 replication experiments. There is a striking parallelism with the observed vari- 
ation in incidence of recessive lethals after chloroprene treatment.  The reasons 
for these variations are not  known, but it is likely that  the instability and the 
low boiling points of chloroprene and 1-chloro-l,3-butadiene are the major 
causes. 



Table 2 shows that  1,4-dichlorobutene-2 and 1,4<lichloro-2,3-epoxide are 
effective mutagens in Drosophila. The cytotoxic activities of  these two com- 
pounds made a reduction in exposure time essential in some of the experi- 
ments, this being the reason for the variations in the length of exposure. When 
Berlin K males were treated with 10.0 mM 1,4~ichlorobutene-2,  all the males 
died within 24 h, whereas with 5.0 mM the survival rate was about 75%. In 
experiments with the epoxide, t reatment  with 3.6 mM for 66 h killed 50% of 
the males, and the survival rate dropped to 30% when males were exposed to 
7.1 mM for 42 h. The cytotoxic properties of  the compounds also accounted 
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for the reduction in the numbers of  offspring to be seen in a number  of the 
experiments (Tables 1 and 2). 



The results with Drosophila confirm findings with regard to mutagenic 
effects of  these halo-olefins in other  assay systems [1--3].  In S. typhirnurium, 
chloroprene, 1-chlorobutadiene, 1,4~lichlorobutene-2 and its epoxide were mu- 
tagenic per se; however, the addition of mouse-liver $9 enhanced the mutagenic 
effects produced by chloroprene, 1-chlorobutadiene and 1,4<lichlorobutene-2, 
indicating a microsome-dependent  formation of mutagens which were more 
mutagenic than the parent compound  [1].  1-Chlorobutadiene was clearly more 
mutagenic than 2-chlorobutadiene when comparisons were made on a molar 
basis. In Drosophila, 1,4-dichloro-butene-2 and the epoxide exerted about  
equal mutagenic activities, followed by  1-chloroprene which, in turn, was more 
active than the least mutagenic chloroprene. It is interesting to note that  this 
ranking is consistent with the pattern of  activity obtained with these com- 
pounds in the NBP (4-(4-nitrobenzyl)pyridine) test [1]. Activity to alkylate 
NBP decreased in the sequence 1,4-dichlorobutene-2 > 1,4-dichloro-2,3-epox- 
ide > 1-chlorobutadiene ~ 2-chlorobutadiene. 
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Abstract. Mutagenieity, expressed as the number of his + revertants per p.mole of 
test compound per hour of exposure, was estimated in two strains of S. typhimu- 
rium in the presence of a postmitochondrial mouse-liver supernatant, following 
exposure to vapours of one of a series of halo-olefins. Their activity was in the 
following descending order: 3,4-dichlorobutene-1 > 1-chlorobutadiene (technical 
grade) > 2-chlorobutadiene > vinyl bromide > vinylidene chloride > vinyl chlo- 
ride; marginal mutagenicity was detected in the presence of 1,1,2-trichloro- 
ethylene and 1,1-difluoroethylene, and none with tetrachloroethylene and vinyl 
acetate. Liver fractions from humans converted vinyl chloride, vinyl bromide, 
vinylidene chloride and 2-chlorobutadiene into mutagens. In the plate incorpora- 
tion assay, 1,4-dichlorobutene-2 was mutagenic per se, and addition of micro- 
somal fractions from human or mouse liver enhanced the mutagenicity; a syn- 
thetic putative metabolite, 1,4-dichloro-2,3-epoxybutane was less mutagenic 
than the parent olefin in strain TA100. Treatment of rats with phenobarbital or 
3-methylcholanthrene caused an up to 2-fold increase in the liver microsome- 
mediated mutagenicities of vinyl chloride and vinylidene chloride in S. typhimu- 
rium TA1530; while treatment with pregnenolone-16o~-carbonitrile, amino- 
acetonitrile or disulfiram decreased the mutagenic effects. Vinyl chloride, and 
probably vinyl bromide, were shown to be epoxidized by mouse-liver micro- 
somes; volatile alkylating metabolites were trapped by reaction with excess 4-(4- 
nitrobenzyl)pyridine and analysed spectraUy. 2-Chlorobutadiene also yielded an 
alkylating intermediate, but 1,1-difluoroethylene, 1,1-dichloroethylene and 1,1,2- 
trichloroethylene did not. 2-Chloro- and 1-chlorobutadiene, 3,4-dichlorobutene-1, 
1,4-dichlorobutene-2 and its 2,3-epoxy derivative showed aikylating activity 
with 4-(4-nitrobenzyl)pyridine, which was not related quantitatively to mutagen- 
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ic activity in S. typhimurium TA100 in the absence of a metabolic activation 
system. These data support the hypothesis that an oxidation of the double bond 
in certain halo-olefins, which is dependent on microsomal mono-oxygenases is a 
common pathway in the formation of biologically reactive intermediates. The 
relevance of the metabolites formed during such oxidative processes to the mu- 
tagenic, toxic and carcinogenic activities in vivo of some of the parent com- 
pounds is discussed. 



Key words: Halo-olefins - Oxirane formation - Mutagenicity - Alkylating 
activity. 



Zusammenfassung. Die mutagene Wirkung einer Reihe halogenierter Kohlen- 
wasserstoffe wurde in Gegenwart einer postmitochondrialen M/iuseleberfraktion 
in zwei St/immen von S. typhimurium gemessen. Wenn die Bakterien den gasf'6r- 
migen Testsubstanzen ausgesetzt wurden, war die Mutagenit~it in folgender Rei- 
henfolge: 3,4-Dichlorbuten-1 > 1-Chlorbutadien (technischer Reinheitsgrad) > 
2-Chlorbutadien > Vinylbromid > Vinylidenchlorid > Vinylchlorid. 1,1,2-Tri- 
chlor~thylen und 1,1-Difluor~ithylen zeigten schwachen, Tetrachlor~ithylen und 
Vinylacetat keinen mutagenen Effekt. Gewebefraktionen yon Menschenleber 
konnten Vinylchlorid, Vinylbromid, Vinylidenchlorid und 2-Chlorbutadien in 
mutagene Metabolite fiberffihren. Im konventionellen Plattentest zeigte 1,4- 
Dichlorbuten-1 eine direkte mutagene Wirkung, die dutch Zusatz von mikroso- 
malen Leberfraktionen yon Menschen oder yon der Maus erh/~ht wurde. Der 
vermutete reaktive Metabolit 1,4-Dichlor-2,3-Epoxybutan wurde synthetisiert, 
erwies sich abet im Stamm TA100 als ein schw~icheres Mutagen als die Mutter- 
substanz. Die Vorbehandlung von Ratten mit Phenobarbital oder 3-Methylchol- 
anthren verdoppelte die mikrosomenabh~ingige Mutagenit~it von Vinylchlorid 
und Vinylidenchlorid in S. typhimurium TA 1530, Pregnenolon- 16ce-Carbonitril, 
Aminoacetonitril oder Disulfiram dagegen verminderten die mutagene Wirkung. 
Eine Epoxidierung von Vinylchlorid und wahrscheinlich Vinylbromid durch 
M~iuselebermikrosomen wurde dutch die Bildung und Abfangen yon flfichtigen, 
alkylierenden Metaboliten mit 4-(4-Nitrobenzyl)pyridin sowie spektralen Unter- 
suchungen nachgewiesen; 2-Chlorbutadien bildete ebenfalls eine alkylierende 
Zwischenstufe, die in ~ihnlichen Experimenten mit 1,1-Difluor~ithylen, 1,1-Di- 
chlor~ithylen und l,l,2-Trichlor~ithylen nicht nachgewiesen werden konnte. 
2-Chlor- und 1-Chlorbutadien, 3,4-Dichlorbuten-1, 1,4-Dichlorbuten-2 und sein 
2,3-Epoxid zeigten alkylierende Wirkung in Gegenwart yon 4-(4-Nitroben- 
zyl)pyridin, die sich quantitativ nicht mit der mutagenen Aktivit~it in S. typhimu- 
rium TA100 in Abwesenheit metabolischer Aktivierung korrelieren liel3. Die 
Ergebnisse zeigen einen gemeinsamen Bildungsweg in halogenierten Olefinen 
auf, tier fiber eine mikrosomale Oxidation der Doppelbindung zu biologisch 
reaktiven Zwischenstufen ffihrt. Die Bedeutung derartig gebildeter Metabolite 
ffir die mutagene, toxische und karzinogene Wirkung der Muttersubstanzen in 
vivo wird zusammenfassend er6rtert. 



Abbreviations. VC = Vinyl  chloride;  V D C  = Vinylidene chloride;  C B D  = 2-Chloro- l ,3 -butad iene ;  PB 
= Phenobarbi ta l ;  S-9 = 9000 x g t issue superna tan t ;  N B P  = 4-(4-Nitrobenzyl)pyridine;  G 6-P = 
Glucose  6-phosphate;  N A D P  + = Nico t inamide  adenine dinucleot ide phospha te  
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Since vinyl chloride (VC) was recognized as a human carcinogen (Creech and 
Johnson, 1974; IARC, 1976), there has been increased concern about a number of 
halogen-substituted ethylenes, butadienes and butenes, because of (a) the extensive 
worldwide production of some of these compounds, which are used mainly in the 
manufacture of synthetic polymers in the plastics and rubber industries (Fishbein, 
1976); (b) the common structural element, (an) olefinic double bond(s), which could 
undergo oxidative metabolism by mammalian enzymes to yield oxiranes, as potential- 
ly reactive mutagenic or carcinogenic intermediates (Henschler, 1977; Bolt, 1978); 
and (c) the notable lack of data with regard to carcinogenicity for some of these com- 
pounds (IARC, 1978). As an extension of earlier studies (Barbin et al., 1975, 1977; 
Bartsch et al., 1975a, b, 1976b), we have therefore studied the mutagenic and alkyl- 
ating properties of several such halo-olefins (Fig. 1) and the nature of their reac- 
tive metabolites. 



Materials  and M e t h o d s  



Chemicals 



Vinyl chloride (VC) and vinylidene fluoride (1,1-difluoroethylene), both 99.9% pure were generously 
provided by Rh6ne-Progil and by Ugine-Kuhlmann, Lyon, France. Vinyl bromide (bp 16 ~ purity 98%) 
was obtained from Aldrich Chemical Company, Milwaukee, Wisconsin, USA. Vinylidene chloride 
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Fig. 1. Chemical structures of halo-ethylenes, 
chlorobutadienes, dichlorobutenes, and related 
epoxides studied. Vinyl acetate (I), chloroethylene 
oxide (If), VC (III), vinyl bromide (IV), VDC (V), 
vinylidene fluoride (VI), trichloroethylene (VII), 
tetrachloroethylene (VIII), CBD (IX), 
1-chlorobutadiene (X), 3,4-dichlorobutene-1 (XI), 
1,4-dichlorobutene-2 (XII), 1,4-dichloro-2,3- 
epoxybutane (XIII), epichlorohydrin (XIV) 
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(VDC, 1,1-dichloroethylene, bp 32 ~ purity 99%, containing 0.03% 4-methoxyphenol); vinyl acetate 
(bp 72-73 ~ purity 99%, containing 0.01% hydroquinone); 1,1,2-trichloroethylene (bp 87 ~ purity 
99.5%1); tetrachloroethylene (bp 121 ~ purity 99.7%); and epichiorohydrin (bp 116.5 ~ purity 98%) were 
obtained from Merck, Darmstadt, FRG. Chloroethylene oxide (bp 65-67 ~ purity > 95%, containing 
_< 1% chloroacetaldehyde and _< 5% ethylene oxide) and 1,4-dichloro-2,3-epoxybutane (purity 97%, 
mixture of cis- and trans-isomers) were kindly prepared by Dr. A. Croisy (Laboratoire Jacquignon, 
Institut de Chimie des Substances Naturelles du CNRS, 91190 Gif-sur-Yvette, France) as described 
elsewhere (Barbin et al., 1975; Semmelhack et al., 1973). 1,4-Dichlorobutene-2 (76.8% trans- and 21.6% 
cis-isomer, bp 152~ 3,4-dichlorobutene-1 (bp 122 ~ purity 99.6%); 1-chloro-l,3-trans-butadiene 
(bp 63 ~ purity 92.5%, containing 2% eis-2-ehlorobutene-2, 5% 2-chloro-l,3-butadiene and 800 ppm 
tert-butylchloride); 2-chloro-1,3-butadiene (CBD, chloroprene, bp 59 ~ purity 99%, containing as chlo- 
rinated constituents 0.8% 1-ehlorobutadiene, < 200 ppm crotyl chloride, < 80 ppm 2-chlorobutene-1, 
trans-2-chlorobutene-2 and negligible amounts of chloroprene dimers); and a mixture of isomeric chlo- 
roprene-dimers (consisting of 9% dichlorodivinyl-cyclobutanes and di(chlorovinyl)cyclobutanes, 68% 
(chlorovinyl)chiorocyclohexenes and vinyl-dichlorocyclohexenes, 19% dichloro-cyclo-octadienes and 
4% chloroprene dimers of unspecified structure) were generously provided by Distugil, Le-Pont-de- 
Claix, France. Only freshly prepared batches of CBD, stored at below - 2 0  ~ were used in the experi- 
ments reported. In one sample of CBD analysed, the content of chloroprene-dimers increased to 1% 
after 5 months' storage. A batch of highly purified CBD (> 99.7%, containing 25 ppm phenothiazine 
as antioxidant) was generously provided by Bayer, Leverkusen, FRG, kept in dry-ice and assayed 
within 10 days. 



Pregnenolone-16oL-carbonitrile was a gift from Searle Inc., Chicago, Illinois, USA; disulfiram 
[bis(diethylthiocarbamoyl)disulphide] was provided by the late Dr. F. K. Kriiger, German Cancer 
Research Centre, Heidelberg, FRG. All other products were obtained commercially and were of the 
purest grades available. 



Animals  and Pretreatment 



Adult female BD-VI rats (110--130 g), bred in our laboratory, and male OF-1 mice (30-35 g), ob- 
tained from Iffa-Credo, St. Germain-sur-l'Arbresle, France, were fed on a Charles River CRF diet. 
Some rats and mice received phenobarbital (PB) in their drinking-water (0.1% for 7 days prior to the 
experiment). 



Pretreatment of rats with pregnenolone-16c~-carbonitrile, aminoacetonitrile, dibenamine [N-(2- 
chloroethyl)-dibenzylamine], 3-methylcholanthrene or disulfiram was as follows: 50 mg/kg body 
weight pregnenolone-16o~-carbonitrile were given orally, five times at 12-h intervals (the last gavage 
24 h before the animals were killed); aminoacetonitrile was given in a single subcutaneous injection of 
500 mg/kg body weight, as a neutral 20% w/v solution of the bisulphate, 24 h prior to the assay; 
dibenamine was injected subcutaneously at doses of 25 mg/kg body weight 48 and 24 h before the 
animals were killed; 3-methylcholanthrene was injected at a dose of 40 mg/kg body weight 2 days 
before the animals were killed; and disulfiram was given at a dose of 500 mg/kg body weight by gavage 
for 4 h before the animals were killed. 



Tissue Preparations 



Excised livers of decapitated animals were washed and homogenized in 0.15 M KC1 (3 ml/g of wet 
tissue) in a Potter-Elvehjem-type homogenizer. Homogenates of tissues pooled from 2-5  animals were 
centrifuged at 9000 x g for 10 min, and the resulting supernatants (S-9) were kept at 0--4 ~ and used 
for mutagenicity assays within 2 -4  h. All procedures were carried out at 0 -4  ~ using sterile glassware 
and solutions. The total and microsomal protein content of livers from PB-treated or untreated rats or 
mice were 30 and 5 mg/ml of liver S-9, respectively. Human liver samples, taken from adult patients for 
diagnostic purposes and showing no pathological lesions were provided by Dr. M. Boiocchi, Professors 
G. Della Porta, and U. Veronesi (Istituto Nazionale per 1o Studio e la Cura dei Tumori, Milan, Italy). 



1 Contained no detectable amounts of epichlorohydrin and 1,2-epoxybutane (< 1 ppm) (Frohberg, per- 
sonal communication) 
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S-9 fractions from human liver specimens were prepared within 3 h after removal, under conditions 
identical to those described for animal tissues and were stored at below - 3 0  ~ prior to their use less than 
3 weeks later. The total protein contents of the S-9 human liver fractions varied from 
12-17 mg/ml. 



Determination of Concentration of Halo-Olefins by Gas-Liquid Chromatography 



Concentrations of volatile halo-olefins, dissolved in Vogel-Bonner medium, were determined in a Pack- 
ard model 417 chromatograph fitted with a glass column (diameter 0.3 cm), which was packed with 
Porapack Q, 100-120 mesh (Packard S.A., Paris, France). A flame ionization detector with N 2 as the 
carder gas was used. Retention times (RT) and temperatures of column, detector and injection port are 
given in Table 1. 



Flasks containing Vogel-Bonner medium were placed in a desiccator and exposed to gaseous 
mixtures of the halo-olefins in air. The concentrations, in mol/l, of the halo-olefins dissolved in aqueous 
phase at saturation and under conditions of the mutagenicity assays (method D) were as follows 
(concentrations in %, v/v in parentheses): VC, 4 x 10 -~ (0.2), 4 • 10 -4 (2), 4 • 10 -3 (20); vinyl 
bromide, 0.89 x 10 -3 (2); VDC, 3.3 x 10 -4 (0.2), 3.3 x 10 -3 (2), 3.3 x 10 -2 (20); CBD, 1 x 10 -4 (0.5), 
4 x 10 -4 (2), 1.65 x 10 -a (8); 1-chlorobutadiene, 1.7 • 10 -4 (0.5); 3,4-dichlorobutene-1, 5.3 x 10 -~ 
(0.1),  1 • 10 -3 (0.5). 



Determination of Alkylating Activity of Halo-Olefins 
and Related Epoxides with NBP (Method A) 



Various concentrations of the test compounds (2.8 p.mol to 11 mmol) were incubated with 
280 p.mol NBP in 3 ml of either acetone (in assays with chlorobutadienes) or ethylene glycol (in assays 
with dichlorobutenes and epoxides). The NBP solutions were incubated under either oxygen or nitrogen 
at 37 ~ as specified in the text; in the latter case, 200 ppm tert-butylcatechol were added as antioxidant. 
After 30 min, the absorption spectra were recorded against an appropriate blank, and absorbance at 
-~rnax was plotted. 



Trapping of Volatile Alkylating Intermediates Produced 
by Mouse Liver Microsomes with Excess NBP (Method B) 



Metabolic conversion of volatile halo-olefins was determined by passing a gaseous mixture of the 
test compound in oxygen or air (as specified) through a mouse-liver microsomal suspension and, 



Table 1. Parameters for gas chromatographic analysis of halo-olefins 



RT Length of Flow 
column rate 



(min) (crn) (ml/min) 



Temperature (~ 



Column Detector Injection port 



VC 29 400 
Vinyl bromide 11.6 400 
VDC 9.4 400 
CBD 15.4 400 
1-Chlorobutadiene 19.2 400 
3,4-Dichlorobutene- 1 7.4 130 



45 100 160 140 
24 200 250 230 
55 200 25O 23O 
55 200 250 230 
55 200 250 230 
55 200 250 230 
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To vacuu~pu~o~ ~ .... T h e r m o m e t e r  



�9 Heating coil 
e . -  NBP Trap 



Microsomal system (37~ st compound 



.~, Oxygen (air) 



Fig. 2. Device for trapping volatile aikylating metabolites released from halo-olefins with NBP. Gas- 
eous mixtures in air (oxygen) of VC, vinyl bromide or VDC (50% v/v) were prepared in a dessicator 
and kept at 37~ trichloroethylene and CBD were first evaporated in a heated glass column by raising 
the temperature to just below boiling-point and then flushed continuously with air through a glass 
fritted filter. The gaseous mixtures from either the dessieator of the preheated column, were then 
sucked for 30 min through a microsomal suspension at 37 ~ with a vacuum pump, at an average flow of 
350 ml/min. The volatile alkylating metabolite(s) was trapped in a solution of 4.47 mmol NBP in 5 ml 
ethylene glycol 



subsequently, trapping the volatile aikylating metabolite(s) by reaction with NBP dissolved in ethylene 
glycol in a siphon-type apparatus (Fig. 2). 2 mi of the reaction mixture with NBP were combined 
immediately with 1 ml 0.1 M Tris-HC1 buffer pH 7.4 and 0.5 ml acetone. The absorption spectra were 
recorded against a blank after addition of 2.9 ml triethylamine : acetone (1 : 1, v/v). 



The metabolic activation system (final vol 5 ml) contained 1.5 ml liver S-9 or liver microsomes 
prepared from PB-treated mice, cofactors [25 0~mol glucose 6-phosphate (G 6-P) and 20 ~mol nico- 
tinamide adenine dinueleotide phosphate (NADP +) dissolved in i ml 0.9% NaC1], 10 U G 6-P 
dehydrogenase, 40 ~mol MgC12 and 92 or 136 ~mol Sorensen phosphate buffer pH 7.4. In control 
assays, the cofactors were omitted. 



Mutagenicity Assays in S. typhimurium 



Strain s TA 1530, TA 1535, and TA 100 were provided by Professor B. N. Ames, University of C alifor- 
nia, Berkeley, California, USA. The presence of an R factor was checked by seeding bacteria on agar 
containing ampicillin (Ames et al., 1975); and the mutability of the strains was checked with methyl- 
methane sulphonate and N-methyl-N'-nitro-N-nitroso-guanidine. The strains were grown overnight in 
nutrient broth. Unless otherwise specified, mutagenicity assays were performed in one of two ways: 



Plate Incorporation Assay (Method C) 



The test compound, dissolved in 100 ~1 DMSO, 0.5 ml of a mixture containing 150 ~1 tissue S-9, 
cofactors (2 p~mol NADP + and 2.5 ~mol G 6-P), 4 ~mol MgC12, 50 p~mol Serensen phosphate buffer 
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pH 7.4 and 0.1 ml of a suspension containing 1-2 x l0 s bacteria, were combined with 2 ml histidine- 
poor soft agar (0.55% w/v agar, 0.55% w/v sodium chloride, 45.5 ~M each of biotin and histidine, in 
5 mM Scrensen buffer pH 7.4). The agar mixture (final volume, 2.7 ml) was agitated vigorously and 
immediately poured onto plates of minimal agar (Ames et al., 1975); these were then incubated at 37 ~ 
The number of his + revertant colonies was counted after incubation for 48 h. The presence of a 
background lawn of bacteria on the histidine-poor soft agar plate was used as an indication that gross 
toxic effects were absent. Mutagenicity assays were carried out in triplicate. 



Gaseous Exposure Assay (Method D) 



Mutagenicity tests with VDC, VC, vinyl acetate, vinylidene fluoride, trichloroethylene, CBD, 1-chloro- 
butadiene and 3,4-dichlorobutene-1 were performed by exposing inverted Petri dishes (with the lids 
removed) containing the same ingredients as in method C, except that DMSO and the test compound 
were omitted, to various concentrations of the test compound in air in 101 desiccators for various 
lengths of time at 37 ~ in the dark. The desired concentration of the gaseous compounds in air (%, v/v) 
was achieved either (a) by evacuating the desiccator, introducing a known volume of the gas to be 
tested, then allowing air to enter until atmospheric pressure was reached, or (b) by removing a known 
volume of air and then allowing the gas to enter until atmospheric pressure was reached, using a 
manometer attached to the desiccator by a three-way valve. For liquids, the weight calculated to give 
the desired volume of vapour was cooled and placed in the desiccator. The desiccator was partially 
evacuated and sealed, allowing the compound to vaporize, and air was introduced until atmospheric 
pressure was reached, at 37 ~ . After the desired time of exposure, the compound was removed by three 
evacuations and refillings with air. The plates were covered with lids, inverted and placed in an incuba- 
tor; if not otherwise specified, they were scored for his + revertants after 48 h of total incubation time at 
37 ~ Quantitation of the test compound dissolved in the aqueous phase was achieved by gas-liquid 
chromatography, under the conditions specified in Table 1. 



Results 



1. Mutagenicity of Halo-Olefins and Related Epoxides in S. typhimurium 



a) Vinyl Bromide, Vinylidene Fluoride, Trichloroethylene, Tetrachloroethylene and 
Vinyl Acetate. These compounds were tested for their mutagenicity in S. typhimu- 
rium strains TA1530 or TA100,  using the plate incorporation assay (Ames et al., 
1975) as adapted for testing gaseous or volatile chemicals (Bartsch et al., 1975a; 
Rannug et al., 1974) (method D). 



A dose-dependent increase in the number  of revertants per plate was observed 
with vinyl bromide in S. typhimurium TA 1530 in the presence of liver S-9 from PB- 
treated mice, with or without cofactors for an NADPH-generat ing system (Table 2) 
or in TA100  strain (data not included). Like VC (Bartsch et al., 1975a), vinyl bro- 
mide was a direct-acting mutagen in TA1530;  however, the addition of mouse-liver 
S-9 enhanced the mutagenic effect, indicating a microsome-dependent formation of 
metabolites which are more mutagenic than the parent compound. The mutagenicity 
of vinyl bromide as a function of exposure time (Fig. 3) was studied with concentra- 
tions of vapours which had no toxic effects on the bacteria: when TA1530 strain 
bacteria were exposed to 2% vinyl bromide in air for various lengths of time, a linear 
increase in mutagenicity was noted up to 6 h in the presence of an S-9 liver fraction 
and cofactors, the number  of revertants being about 1.7 times higher than in plates 
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Table 2. Mouse-liver S-9-mediated mutagenicity of some halo-olefins in S. typhimurium TA100 and 
TA1530. Bacteria were exposed to varying concentrations of vapours of the test compound in air for 
2-24 h at 37 ~ in the presence of liver S-9 from PB-treated mice with (+) or without ( - )  cofactors 
(NADP +, G 6-P) for an NADPH-generating system (method D). Each value cited is the average from 
3-4  plates, utilizing pooled tissues from five mice. Concentrations of the halo-olefins in the aqueous 
phase were determined by gas-liquid chromatography 



Compound Exposure to vapour 
of the test compound 



Concentration Time 
in air (h) 
(%, v/v) 



S. typhimurium Revertants/plate 
strain 



Cofactors Cofactors 
(+) (-) 



Vinyl bromide 0 TAI530 15 15 
0.2 16 65 50 
2 240 190 



20 715 695 



Vinylidene fluoride 0 TA 100 71 71 
20 16 66 68 
50 4 70 70 
50 24 115 75 



Trichloroethylene 0 TA 100 75 70 
5 a 2 100 80 
5 a 2 b 135 70 
8 16 85 72 



20 16 55 (tox) c 50 (tox) 



Vinyl acetate 0; 0.003 TA100 72 72 
TA1530 13 18 



0.02; 0.2; 2 2; 16 TA100 or 0 (tox) 0 (tox) 
TA1530 



1-Chlorobutadiene 0 TA100 90 90 
0.5 4 330 240 
2 580 495 
8 0 (tox) 0 (tox) 



3,4-Dichloro- 0 TA 100 80 80 
butene- 1 0.1 2 205 165 



0.5 585 410 
1 790 580 



a 0.1 mM EDTA was added to the soft agar layer 
b Plates were exposed to trichloroethylene vapours after 4 h preincubation at 37 ~ 



Presence of toxic effects was judged by the absence of a "normal" background lawn of bacteria 



f rom which  the N A D P H - g e n e r a t i n g  sys tem was omit ted.  Accord ing ly ,  the enzyme-  



media ted  mutagen ic i ty  o f  vinyl  b romide  was  ca lcula ted  by subtract ing all values  in 



the lower  curve  f rom those  in the upper  curve  (Fig. 3, dashed curve).  The  p la teau  
reached  after 6 h m a y  indicate  inac t iva t ion  o f  m i c r o s o m a l  enzymes  by  vinyl  b romide  
a n d / o r  its metabol i tes .  A quant i ta t ive  c o m p a r i s o n  of  the direct  and e n z y m e  media ted  



mutagen ic  effects in S. typhimurium T A 1 0 0  of  vinyl  b romide  is shown in 



Tab le  7. 
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FI 8. 3. Mutagenic response in 
S. typhirnurium TAt530 after exposure to 
vapours of 2% (v/v) vinyl bromide in air 
for various lengths of time. Bacteria were 
exposed in the presence of S-9 liver 
supernatant from PB-treated mice with (O) 
or without (0) an NADPH-generating 
system (method D). Mean values + SE 
from 3--9 plates were plotted for each 
point. The dotted line, which corresponds 
to the enzyme-mediated mutagenicity, was 
obtained by subtracting values of the lower 
curve from those of the upper curve 
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Exposure of S. typhimurium TA100 to 20 or 50% vinylidene fluoride in air for 4 
or 16 h did not cause mutagenic effects under the assay conditions used. A marginal 
increase over the spontaneous mutation frequency was observed, however, after 
24 h exposure to 50% vinylidene fluoride, but only when the cofactors for an 
NADPH-generating system were present (Table 2). 



Trichloroethylene was not found to be mutagenic under the experimental condi- 
tions specified in Table 2. However, when plates containing a liver S-9 fraction from 
PB-treated mice, an NADPH-generating system, S. typhimurium TA100 and 
0.1 mM EDTA (Malaveille et al., 1977) were preincubated at 37 ~ for 4 h and then 
exposed to 5% trichloroethylene vapour in air for 2 h, a two-fold increase over the 
spontaneous mutation rate was observed consistently (Table 2, footnote b). 



Because of its high boiling-point, tetrachloroethylene was tested in a plate incor- 
poration assay. No mutagenicity was observed in S. typhimurium TA100 with con- 
centrations up to 4 x 10 -3 M in the presence of a liver S-9 fraction from PB-treated 
mice, with or without cofaetors; however, concentrations above 5 x 10 -4 M were 
toxic to the bacteria. 



No mutagenic action or toxic effects were recorded following exposure of strains 
TA1530 and TA100 to vapours of vinyl acetate, in the presence or absence of a 
mouse-liver activation system (Table 2). Similarly, no mutagenic or toxic effects 
were observed when vinyl acetate was added to plates at concentrations up to 4 x 
10 -3 M. 



b) CBD and 1-Chlorobutadiene. Exposure of S. typhimurium TA 100 to up to 8% of 
CBD vapour in air, in the absence of a microsomai activation system, caused a 
concentration-dependent increase in the mutagenic response; with a concentration of 
8% the number of revertants was three times greater than the spontaneous mutation 
rate (Fig. 4). Exposure to 20% CBD in air caused severe toxicity in the bacteria. A 
several-fold increase in the mutagenic effect was observed when a fortified liver S-9 
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Fig. 4. Mouse-liver S-9-mediated 
mutagenicity of CBD in S. typhimurium 
TA100. Bacteria were exposed to various 
gaseous mixtures of CBD in air (%, v/v) 
for 4 h at 37 ~ in the presence of an 
NADPH-generating system and an S-9 
liver supernatant from either PB-treated (O) 
or untreated (0) mice (method D). In the 
control assays (x), cofactors (NADP § 
G 6-P) were omitted. Mean values + SE 
from 4 - 8  plates were plotted for each 
point 



fraction from either PB-treated or untreated mice was added to such assays, tert- 
Butylcatechol, which was present in the CBD as an antioxidant, was not mutagenic 
to TA 100 at concentrations of up to 500 ~g per plate in the presence or absence of a 
liver S-9 fraction from PB-treated mice. 



Because the adverse biological effects of CBD have been partially attributed to 
CBD dimers (Nystrfm, 1948), which are formed by a Diels-Alder reaction, we also 
investigated their mutagenic effects (Table 3). Concentrations up to 1 mM of a mix- 
ture of CBD dimers (for composition, see Materials and Methods, Chemicals) 
caused a small increase in the number of revertants in TA1535 and TA100 strains, 
only in the presence of a fortified mouse-liver S-9 fraction; this was paralleled by an 
increase in toxicity. That dimers or other impurities in CBD are the major (pro)mu- 
tagenic agents was further ruled out by the results of assays using highly purified 
CBD (99.7%, containing 25 ppm phenothiazine): liver S-9-mediated mutagenicity in 
S. typhimurium TA100 was no different from that seen with other batches of CBD 
(purity 99.0%) used in the studies reported in Figure 4. 



Exposure of S. typhimurium TA100 to 0 .5-8% 1-chlorobutadiene in air, in the 
absence of a microsomal activation system, caused an increase in mutagenicity that 
was a function of its concentration in the gas phase (Table 2) or of length of expo- 
sure (Fig. 5). As with CBD, addition of fortified liver S-9 fraction from PB-treated 
mice enhanced the mutagenic effect. When the enzyme-mediated mutagenicity of 1- 
chlorobutadiene was calculated as described above for vinyl bromide, inactivation of 
microsomal enzymes occurred after 2.5 h exposure to the compound or its metabo- 
lites (Fig. 5, dashed line). A quantitative comparison of the direct and enzyme- 
mediated mutagenic effects in S. typhimurium TA100 of CBD and l-chlorobuta- 
diene is shown in Table 7. 
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Table 3. Mutagenicity of a mixture of CBD dimers in S. typhimurium strains and in the presence of 
liver from PB-treated mice 



Concentration of 
CBD dimers" 
(mM) 



Revertants/plate b 



TA1535 TA100 
cofactors e eofactors 



(+) (-) (+) (-) 



0.1 n.d. a n.d. 0 0 
0.25 e n.d. n.d. 16 (tox) f 0 (tox) 
0.5 10 (tox) 0 (tox) 46 (tox) 0 (tox) 
1 28 (tox) 0 (tox) 65 (tox) 0 (tox) 



a Added as a solution in DMSO (100 ~l/plate) to a soft agar layer 
b The number of revertants that occurred spontaneously (180-200 for TA100 strains; 10-20 for 
TA1535 strain) has been subtracted 
c Cofaetors (NADP +, G 6-P) for an NADPH-generating system added (+) or omitted ( - )  
a n.d.: not determined 
e Limit of solubility, as indicated by opalescence in the soft agar 
f Presence of toxic effects was judged by the absence of a "normal" background lawn of bacteria 



Fig. 5. Mutagenic response in 
S. typhimurium TA100 after exposure to 
vapours of 0.5% (v/v) 1-chlorobutadiene in 
air for various lengths of time. Bacteria w 
were exposed in the presence of an S-9 
liver supernatant from PB-treated mice 
with (�9 or without (0) an NADPH- 
generating system (method D). Mean values <~ 
+ SE from 4 -8  plates were plotted for 
each point, The dotted line, which > 
corresponds to the enzyme-mediated 
mutagenicity was obtained by subtracting 
values of the lower curve from those of the 
upper curve 
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c) 3,4-Dichlorobutene-1, 1,4-Dichlorobutene-2, 1,4-Dichloro-2,3-Epoxybutane and 
Epichlorohydrin. Exposure of S. typhimurium TA100 to up to 1% 3,4-dichlorobu- 
tene-1 vapour in air, in the absence of an NADPH-generating system, caused a 
concentration-dependent increase in mutagenicity (Table 2); this was enhanced up to 
two-fold in the presence of a fortified liver S-9 fraction from PB-treated mice. 



Because of its high boiling-point, 1,4-dichlorobutene-2 was assayed in the plate 
incorporation assay (method C). Its mutagenicity in S. typhimurium TA100 in the 
absence of an NADPH-generating system, increased as a function of concentration: 
with 1 mM the number of revertants per plate was nine times higher than the sponta- 
neous rate (Fig. 6). When fortified liver S-9 fractions were added to the plates, a five- 
to six-fold increase in mutagenieity was observed, irrespective of whether liver frac- 
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Fig. 6. Mouse-liver S-9-mediated 
mutagenicity of 1,4-dichlorobutene-2 in 
S. typhimurium TA100. Bacteria were 
incubated with various concentrations of 
the compound for 48 h at 37 ~ in the 
presence of liver S-9 from untreated (O or 
I-q) or PB-treated (O or II) mice with 
( -) or without (-. �9 ~ cofactors 
(NADP +, G 6-P) (method C). Mean values 
from 6 plates were plotted for each point 



tion from untreated or PB-treated mice was used. A putative microsomal metabolite 
of 1,4-dichlorobutene-2, 1,4-dichloro-2,3-epoxybutane (an undetermined mixture of 
cis- and trans-isomers) was synthesized according to a published procedure (Sem- 
melhack et al., 1973). When it was tested in S. typhimurium TA100 at concentra- 
tions of 1 and 5 mM, two- and five-fold increases over the number of spontaneous 
revertants were observed, respectively, indicating that the epoxy derivative had a 
lower mutagenic activity than the parent halo-olefin at equimolar concentrations. 



Epichlorohydrin (3-chloro-l,2-epoxypropane), which is structurally related to a 
putative liver microsome-mediated metabolite of 3,4-dichlorobutene- 1, 3,4-dichloro- 
1,2-epoxybutane, was assayed for mutagenicity in TA100 strain in the plate incor- 
poration assay. With a concentration of 5 mM, the number of revertants per plate 
was about 35 times the spontaneous rate (120). A quantitative comparison of the 
mutagenic effects in S. typhimurium TA100 of the compounds discussed in this 
paragraph is given in Table 7. 



2. Mutagenic Effects of Halo-Olefins Mediated 
by Human and Rodent Liver Fractions 



The enzymic capacities of fiver specimens from a number of human patients to 
convert several halo-olefins into reactants mutagenic for S. typhimurium TA 1530 or 
TA100 are summarized in Table4:  they were active in converting VC, vinyl 
bromide, VDC, CBD, and 1,4-dichlorobutene-2 into mutagens. The average activity 
was generally lower than that observed with rodent liver; however, with VC, two 
human specimens were approximately twice as active as rat liver. Inter-individual 
variations in the capacity to convert VC into mutagens within the limited number of 
human liver specimens investigated were 10-fold. 



3. Effect of Treatment of Rats with Drugs 
on Liver-Mierosome-Mediated Mutagenicities of VC and VDC 



In order to further confirm that mono-oxygenases are involved in the conversion of 
VC and VDC into mutagenic reactants in rodent liver, we treated rats with modifiers 
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Table 4. Mutagenic effects of halo-olefins in S. typhimurium mediated by human a and rodent liver S-9 



Compound Exposure Concen- Assay Liver S-9 Mutagenieity Relative 
(h) tration method b from (revertants/plate) activity" 



(%) (species) (%) 



VC 4 20 D rat BD VI 100 + 140 (100) 
10 humans 85 (25--220) 85 (25-220) 



Vinyl bromide 4 2 D mouse 111Y (100) 
3 humans 33 (25-40) 30 (23-36) 



VDC 4 2 D mouse 320 f (100) 
4 humans 65 (35-120) 20 (11-38) 



CBD 4 2 D mouse 1508 (100) 
4 humans 9 (0--35) 6 (0-23) 



1,4-Dichloro- 48 0.5 mM C mouse 420 h (100) 
butene-2 3 humans 193 (70-350) 46 (17--83) 



�9 Mutagenicity and relative activity of human liver samples are given as averages; figures in paren- 
theses give ranges 
b Method C or D, as described in Materials and Methods 
c The number of revertants/plate in respective experiments taking rodent liver as 100 
d The number of revertants/plate of S. typhimurium TA1530 _+ SE (42 + 2) after exposure to VC in 
the absence of cofactors (NADP +, G 6-P) has been subtracted 
e The number of revertants/plate of S. typhimurium TA100 (167) after exposure to vinyl bromide in 
the absence of eofactors has been subtracted 
f The number of revertants/plate ofS. typhimurium TA100 (77) after exposure to VDC in the absence 
of cofactors has been subtracted 
s The number of revertants/plate of S. typhimurium TA100 (215) after exposure to CBD in the 
absence of cofactors has been subtracted 
h The number of revertants/plate of S. typhimurium TA100 (270) after exposure to 1,4-dichlorobu- 
tene-2 in the absence of cofactors has been subtracted 



of  microsomal  enzymes and observed the mutagenicities of  these two compounds  in 
the presence of  liver S-9 (Table 5). The mutagenic effects on S. typhimurium 
TA1530  of  4 h exposure to 20% VC or 2% VDC in air in the presence of  liver S-9 
fractions from untreated rats  were tested in Experiment 1: the figures obtained under 
such assay conditions have been shown previously to be located in the linear region 
of  concentrat ion- and t ime-dependent response curves (Bartseh and Montesano,  
1975; Bartsch et al., 1975a, b; Malaveille et ai., 1977). The enzymic conversion of  
VC into mutagenic metabolites was enhanced after  t reatment  of  rats  with BP 
(+ 30%) and 3-methylcholanthrene (+ 50%), whlle pregnenolone- 16ce-carbonitrile 
( - 6 5 % ) ,  aminoacetonitr i le  ( - 5 0 % ) ,  disulfiram ( - 8 0 % ) d e c r e a s e d  the mutagenic ef- 
fect; t reatment  with dibenamine (Expt. 6) caused no change. Similar changes in liver 
S-9-mediated mutagenici ty were observed with VDC although quantitative differ- 
ences were apparent ;  t reatment  with dibenamine (Expt. 6) caused a 30% reduction. 
Addi t ion of  disulfiram at a final concentrat ion of  0.1 m M  to plates containing liver 
S-9 from untreated rats  (Expt. 8) lowered the mutagenic effects of  VC and VDC by 
90 and 95%, respectively. 
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Table 5. Effect of drug treatment of rats on the liver S-9-mediated mutagenicity of VC and VDC in 
S. typhimurium TA1530 



Expt. Drug treatment 
No. 



Mutagenieity a after exposure to 



VC VDC 



Revertants Relat ive Revertants Relative 
per plate activity b per plate activity ~ 



1 None 140 + 14 a (100) 110 + 13 (100) 
2 Phenobarbitone 169 + 20 130 204 + 11 200 
3 Pregnenolone-16cr-carbonitrile 75 + 7 35 70 + 3 60 
4 3-Methyleholanthrene 190 e 150 140 150 
5 Aminoacetonitrile 92 + 7 50 48 + 8 40 
6 Dibenamine 136 + 9 100 82 + 4 70 
7 Disulfiram 60 + 4 20 20 + 3 10 
8 Disulfiram added in vitro 47 + 3 5 19 + 2 10 



(final concentration 0.1 raM) 



a Mutagenicity was determined after 4 h exposure of plates to 20% VC or 2% VDC in air (v/v) at 37 ~ 
(method D) 
b The relative activity of VC was calculated after subtracting the number of revertant colonies + SE 
(42 + 2), observed after exposure to VC in the absence of cofactors (NADP +, G 6-P), as a percentage 
of the mutagenicity obtained in Experiment 1 
c The relative activity of VDC was calculated after subtracting the number of spontaneous revertant 
colonies (10) per plate, as a percentage of the mutagenicity obtained in Experiment 1 
d Mean values + SE from two to four experiments, each using pooled tissues from three ~ BD-VI rats 
and triplicate plates 
�9 Value from one experiment using pooled liver tissue from three rats 



4. Characterization of Alkylating Metabolites Released from VC, Vinyl Bromide, 
and CBD in the Presence of Mouse-Liver Mono-Oxygenases 



In order to study the microsomal metabolism of volatile halo-olefins, we have devel- 
oped a new device for trapping short-lived alkylating metabolites that are difficult to 
isolate. In this procedure (method B), gaseous mixtures of the test compound in air 
were passed through a medium consisting of fortified mouse-liver microsomes; elec- 
trophilic metabolites were trapped by reaction with excess NBP in ethylene gly- 
col. 



Using this technique, VC and vinyl bromide were converted, in the presence of 
mouse-liver microsomes from PB-treated mice, an NADPH-generat ing system and 
oxygen, into volatile metabolites which reacted with NBP. The adsorption spectra of 
the adducts (Fig. 7) obtained from VC (spectrum C) and vinyl bromide (spectrum B) 
proved to be identical to that obtained after reaction of chloroethylene oxide with 
NBP (spectrum A): all showed maximal absorbance at A = 570 nm. The data in 
Figure 7 thus provide evidence that VC and vinyl bromide are converted by micro- 
somal enzymes into chloroethylene oxide and bromoethylene oxide, which react with 
NBP to give similar adducts. No such spectra were recorded in the absence of an 
NADPH-generat ing system (line D) indicating that alkylating metabolites were not 
formed. The adduct resulting from reaction of 2-chloroacetaldehyde, a rearrange- 
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Fig. 7. Absorption spectra of the NBP adducts obtained by trapping alkylating intermediates of VC 
(C), vinyl bromide (B) or CBD (E) in the presence of fortified liver microsomes. Gaseous mixtures of 
VC, vinyl bromide or CBD in air were passed through a mouse-liver microsomai suspension in a 
siphon (Fig. 2); when cofactors (NADP § G 6-P) were omitted in experiments with VC or vinyl bro- 
mide, no absorbance was recorded (D); with CBD, spectrum F was obtained. The spectrum of the adduct 
formed after reaction of chloroethylene oxide with NBP (A) was recorded as described previously 
(Barbin et al., 1975) 



ment product of chloroethylene oxide, with NBP gave a spectrum which differed 
from that of chloroethylene oxide and VC (Barbin et al., 1975). 



The half-life (tl/2) of chloroethylene oxide in 0.1 M Tris-HC1 buffer pH 7.4 at 37 ~ 
was determined by measuring its time-dependent disappearance via the absorbance 
(Am~,) of the NBP adduct. The tl/2 of a first-order kinetic reaction was determined 
graphically as described before (Barbin et al., 1975) and found to be 0.87 min 
[k (rate constant of hydrolysis) = 0.8 min-1]. 



As VC and vinyl bromide are direct mutagens in S. typhimurium, we investi- 
gated whether those alkylating metabolites formed by liver microsomes are also 
released in the presence of bacterial enzymes. Using the assay conditions described 
in Figure 7 for recording the absorption spectrum B, a mixture of vinyl bromide in 
air was passed through a bacterial enzyme preparation (,-~ 101~ cells of S. typhimu- 
rium TA1530 disrupted by temperature shocks and suspended in 5 ml 0.018 M 
Sr buffer pH 7.4) containing an NADPH-generating system (method B); no 
volatile alkylating metabolites which reacted with NBP were produced. 



When CBD vapours in air were passed through a liver-microsomal suspension in 
the absence of an NADPH-generating system, the spectrum of the NBP adduct had 
an absorption maximum at A = 562 nm (spectrum F, Fig. 7). The absorbance was 
increased four-fold when mouse-liver microsomes and cofactors were present (spec- 
trum E, Fig. 7), suggesting that there was enzymic formation of a reactive interme- 
diate, probably an epoxide. 



No NBP adducts with absorbances between A = 450-600 nm were obtained 
when vapours of vinylidene fluoride, VDC or trichloroethylene with oxygen were 
passed through fortified liver microsomes (or S-9 fractions) from PB-treated mice. 
Because of their high boiling points and/or their high reactivity with NBP, 1-chloro- 
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butadiene, 1,4-dichlorobutene-2 and 3,4-dichlorobutene-1 could not adequately be 
studied in the siphon-type apparatus used in this procedure (Fig. 2). 



5. A lkylating Activities of Directly Acting Halo-Olefins and Related Epoxides 



When alkylating activities towards NBP were determined by method A, 1-chlorobu- 
tadiene and CBD; 3,4-dichlorobutene-1; 1,4-dichlorobutene-2; 1,4-dichloro-2,3-ep- 
oxybutane; and epichlorohydrin yielded NBP adducts with maximal absorbances 



(Ama~) between A = 4 5 0 - 5 3 0  nm, without addition of base. On the assumption that 



Table 6. Alkylating activities of direct-acting halo-olefins and related epoxides. 
Activity was determined by method A and calculated from the slopes of the linear 
region of dose-response curves from non-logarithmic plots of the values (Fig. 8); 
activity is expressed as the increase in absorbance at Am~ (AAmu per mmol halo- 
olef'm per hour of reaction of the test compound with NBP) 



Expt. No. Compound Alkylating activity 
with NBP (Am.x) 



1 CBD (Oz) 0.3 
2 CBD (N O 0.01 
3 1-Chlorobutadiene (N2) 4.3 
4 3,4-Dichlorobutene- 1 0.3 
5 1,4-Dichlorobutene-2 13 
6 1,4-Dichloro-2,3-epoxybutane 10 
7 Epichlorohydrin 10 
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Fig. 8. Alkylating activities of halo-olefins 
were measured by reaction with NBP 
under air, 02 or N 2 (method A). 
Absorbance at Am~ between 450-530 nm 
(Amax) was plotted on a double-logarithmic 
scale as a function of the molar ratio of 
the halo-olefins to concentration of NBP. 



1,4-Dichlorobutene-2, air (02 or N2); 
A - - A  1,4-Dichloro-2,3-epoxybutane, air; 
A - - &  1-Chlorobutadiene, N2; 
I - - I  3,4-Dichlorobutene-1, air (O 2 or N2); 
@-..-O CBD, 02; 0 - - - 0  CBD, N2; 
• .... • Epichlorohydrin, air or N 2 
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the extinction coefficients of the different NBP adducts are similar, their alkylating 
activities were calculated as described in the legend to Figure 8 (Table 6). Am~ 
increased as a function of the concentration of the halo-olefins (Fig. 8) and of incu- 
bation time. In experiments with CBD (Expts. 1, 2), alkylating activity in the pres- 
ence of 0 2 was 30 times higher than that when the reaction was carried out under 
N 2. 1-Chlorobutadiene (Expt. 3) was assayed under N 2 only because it had a ten- 
dency to decompose readily. The alkylating activities of other compounds 
(Expts. 4-7) were similar when assayed in an atmosphere of N 2 or of 02. Under 
comparable assay conditions, 1,4-dichlorobutene-2 was the most active and CBD 
the least active alkylating agent (Expts. 1, 2, 5). 



Diseussion 



Mutagenic Activities of Halo-Ethylenes, Chlorobutadienes and Dichlorobutenes 



Because of the high volatility of certain halo-olefins, like VC, we have developed a 
mutagenicity assay, described previously (Bartsch et al., 1975a) in which plates 
containing bacteria and liver fractions are exposed to gaseous mixtures of the test 
compound in air; the mutagenicity of several halo-olefins has been revealed in this 
way (Bartsch and Montesano, 1975; Bartsch et al., 1975b). As the test compound 
can be removed in vacuo, time-dependent mutagenicity can be measured permitting 
a better quantitative comparison of direct and microsome-mediated mutagenic activ- 
ities; when the actual concentration of the test compound dissolved in the aqueous 
phase is determined by gas-liquid chromatography, the resulting mutagenicity can 
be expressed as the number of revertants per ~tmol of dissolved compound per hour 
of exposure, taking into account the different viabilities of microsomal enzymes. 
This is an important aspect in comparing mutagenic activities, because, depending 
on the nature of the chemical and the concentration used, inactivation of microsomal 
enzymes occurs after different incubation times, e.g. after 2.5 and 6 h in the case of 
1-chlorobutadiene and vinyl bromide (Figs. 3 and 5) respectively. In these mutagenic- 
ity assays for volatile compounds, the concentration of the substrate in the aqueous 
medium remains constant because there is a large excess of the test compound in the 
gaseous phase. In addition, microsomal enzymes embedded in soft agar have been 
shown to have greater viability than those in liquid medium (Malaveille et al., 
1977). 



Using these dose- and time-dependent mutagenicity assays, the following halo- 
olefins were found to be mutagenic in S. typhimurium TA100 in increasing order of 
potency (mouse-liver microsome-dependent mutagenic activity, as defined in foot- 
note b to Table 7 and calculated from the values listed, is given in parentheses): VC 
(4), VDC (14), vinyl bromide (17), CBD (40), 1-chlorobutadiene (80), and 3,4- 
dichlorobutene-1 (145). In plate incorporation assays, 1,4-dichlorobutene-2, 1,4- 
dichloro-2,3-epoxybutane and epiehlorohydrin were mutagenic. These results con- 
firm the findings with regard to these halo-olefins in other assay systems (Greim et 
al., 1975; Vogel, 1976) (for reviews see Bartsch and Montesano, 1975; Bartsch and 
Loprieno, 1977; Fishbein, 1976). 
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With vinylidene fluoride, marginal microsome-mediated mutagenicity in S. ty- 
phimurium TA100 was detectable only after 24 h of exposure; this borderline result 
must be confirmed in other short-term tests. Trichloroethylene was not found to be 
mutagenic in the TA100 strain under similar experimental conditions; however, it 
was active when plates containing bacteria, mouse-liver S-9 and EDTA were preincu- 
bated to allow bacterial proliferation before exposure. It has previously been shown 
that under these conditions, the microsome-mediated mutagenicity of VDC is en- 
hanced two-fold (Malaveille et al., 1977). Microsome-dependent mutagenicity of 
trichloroethylene has also been reported in yeast (Shahin and Von Borstel, 1977) 
and in S. typhimurium (Simmon et al., 1977). However, the possible contribution of 
impurities present in technical grade trichloroethylene to its mutagenic properties 
has not yet been fully evaluated (Henschler et al., 1977). 



Tetrachloroethylene caused no concentration- and/or microsome-dependent in- 
crease in the number of mutant colonies in S. typhimurium TA 100; the absence of a 
mutagenic effect has also been reported in Escherischia coli (Greim et al., 1975). 
Vinyl acetate, which does not produce tumours in rats (Maltoni and Lefemine, 1975) 
was not mutagenic in TA 100 or TA 1530 strains either in the presence or absence of 
mouse-liver S-9 fractions, irrespective of whether it was assayed in plate incorpora- 
tion assays or by gaseous exposure. 



Mutagenicity Assays in the Presence of Human-Liver Fractions 
with VC, Vinyl Bromide, VDC, CBD, and 1,4-Dichlorobutene-2 



Many halo-olefins require metabolic activation in order to form mutagenic, and 
probably carcinogenic agents. For this reason, studies of the comparative metab- 
olism in animal and human tissues of known and suspected carcinogens may assist 
in making extrapolations from data obtained in experimental animals to processes of 
tumour induction in humans. In this study, we measured the enzymic capacity of 
liver specimens from different human subjects (taken for diagnostic reasons) to con- 
vert a number of halogenated hydrocarbons into mutagenic intermediates (Table 4). 
In experiments with VC, which induces angiosarcoma in the liver in animals and in 
man (IARC, 1978), a ten-fold variation was noted among the specimens studied; 
their mean activity was 85% of that observed with liver from untreated BD-VI 
rats. 



The involvement of hepatic microsomal mono-oxygenases in the activation of 
VC in human liver, probably via chloroethylene oxide, is further indicated by our 
observations (data not included): when the benzo(a)pyrene hydroxylase (AHH) ac- 
tivities of some liver specimens were plotted against their respective liver microsome- 
mediated mutagenicities in S. typhimurium, a statistically significant, positive corre- 
lation was obtained between AHH activity and mutagenicity in the presence of VC, 
indicating that these two compounds are metabolized by the same enzyme or by 
enzyme systems which are under similar regulatory control (Bartsch and Loprieno, 
1977; Sabadie et al., 1978). 



The microsome-dependent mutagenicity of VDC and 1,4-dichlorobutene-2, both 
of which are known to produce tumours in animals (IARC, 1978; Van Duuren et 
al., 1975) and of vinyl bromide was in general lower in human liver fractions than in 
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corresponding control experiments with mouse liver (Table 4). Only one out of four 
human liver specimens converted CBD into mutagenic intermediates; the activity 
was one-third of that observed in mouse liver. Thus, the majority of the human liver 
samples tested possessed microsomal enzyme activity for converting these halo- 
olefins into electrophiles capable of binding to bacterial DNA: these results are 
sufficient that these compounds be classified as biologically hazardous to man. They 
indicate the necessity for testing vinyl bromide and CBD for carcinogenicity in 
animals. 



Effect of Treatment of Rats with Drugs on the Biological Effects 
of  VC and VDC 



In an attempt to elucidate the mechanisms by which VC and VDC exert their 
biological activity, we investigated the effect of pretreating rats with various modi- 
fiers of hepatic microsomal mono-oxygenases, to see whether the resulting change in 
their liver microsome-mediated mutagenicity paralleled changes in the in vivo metab- 
olism and/or toxic reactions of such animals (Table 5). In experiments both with VC 
and with VDC, different drugs caused closely similar changes in liver S-9-mediated 
mutagenicity, suggesting that similar types of P-450-dependent mono-oxygenases 
(Ivanetich et al., 1977; Kappus et al., 1975; Reynolds et al., 1975a, b) catalyse the 
formation of mutagenic reactants. The hepatotoxicity of VC in rats has been shown 
to be increased after administration of PB and decreased with pregnenolone-16~- 
carbonitrile (Jaeger et al., 1977; Reynolds et al., 1975a); these changes are well 
reflected by our mutagenicity data. In contrast, treatment of rats with 3-methylcho- 
lanthrene enhanced mutagenicity, although it does not alter the hepatotoxicity of VC 
(Reynolds et al., t975a). 



Disulfiram, which is known to reduce hepatic cytochrome P-450 levels when 
administered to rats (Zemaltis and Greene, 1976) is readily split by liver-soluble 
enzymes into diethyl dithiocarbamate (Str~mme, 1965), which can act as a trap 
through its sulphydryl groups. These mechanisms may explain the drastically re- 
duced mutagenicity of VC after pretreatment of rats with disulfiram or when it was 
added to mutagenicity assays, indicating that chloroethylene oxide and/or chloro- 
acetaldehyde, both microsomal VC metabolites, readily react with nucleophiles con- 
taining SH-groups (Johnson, 1967). Further support for such an interpretation 
comes from the observations that a) the addition of glutathione and liver cytosol 
fraction to microsomal incubations decreases protein alkylation by VC metabolites 
(Kappus et al., 1976); b) VC depletes hepatic non-protein sulphydryl content in rats 
(Watanabe et al., 1976); and c) S-containing metabolites can be identified in the 
urine of rats exposed to VC (Green and Hathway, 1977; Watanabe et al., 
1976). 



Although in rats, treatment with PB or 3-methylcholanthrene protected rats 
against VDC hepatotoxicity (Reynolds et al., 1975a), it increased mortality from 
VDC (Carlson and Fuller, I972) and also enhanced the liver-microsome-mediated 
mutagenicity of this compound (Table 5). Rats treated with pregnenolone-16ce-car- 
bonitrile were protected against VDC-induced hepatotoxicity, as for VC; and liver- 
microsome-mediated mutagenicity was also reduced. Disulfiram treatment of its 
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addition in vitro effectively reduced liver-microsome-mediated mutagenicity, proba- 
bly through mechanisms similar to those discussed in connection with the experi- 
ments with VC. Accordingly, disulfiram treatment reduced the acute lethal and 
hepatotoxic effects of inhaled VDC in mice and reduced the levels of covalently 
bound radio-activity in the liver after the i.p. administration of 14C-VDC (Short et 
al., 1977). Our data strongly suggest the involvement of 1,1-dichloroethylene oxide 
as a primary mutagenic metabolite formed from VDC, possibly by P450-dependent 
microsomal mono-oxygenases; this agrees well with a) the increase in hepatotoxicity 
by VDC when epoxide hydratase inhibitors, such as 1,1,1-trichloropropene oxide, 
were administered to rats (Andersen et al., 1977/1978); b) the negative correlation 
between the degree of VDC hepatotoxicity and glutathione concentration (Jaeger 
et al. 1975) and c) the identification of S-containing metabolites in the 
urine of rats exposed to VDC (Jones and Hathway, 1978). As in the case of other 
hepatocarcinogens such as dimethylnitrosamine, the inhibitory effect of disul- 
firam or aminoacetonitrile on liver-microsome-mediated mutagenicity and hepatocarci- 
nogenicity in rats is well documented (Hadjiolov and Mundt, 1974; Montesano 
and Bartsch, 1975; Schm/ihl et al. 1976). The effect of treating animals with disul- 
firam or aminoacetonitrile on the carcinogenicity of VC and VDC remains to be 
studied. 



Evidence for Oxirane Formation by Hepatic Mono-Oxygenases 
from VC and Several Other Halo-Olefins 
Formation of chloroethylene oxide (chloro-oxirane) (Fig. 9) as an ultimate reactive 
metabolite of VC was first suggested by Van Duuren (1975). On the basis of the 
identity of the absorption spectra of the NBP-adducts, obtained either by reaction of 
chloroethylene oxide with NBP or by trapping an alkylating metabolite when a 
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Fig. 9. Proposed common pathways for the metabolic activation of (top to bottom) trichloroethylene, 
VC, VDC, and CBD, involving microsome-mediated formation of chloro-oxiranes as primary electro- 
philic intermediates which can react with nucleophiles and/or rearrange into the corresponding acyl 
chlorides and/or aldehydes (Bonse et al., 1975). Square brackets indicate compounds for which chemi- 
cal synthesis has not yet been reported 
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mixture of VC and air was passed through a mouse-liver microsomal system 
(Fig. 7), this laboratory reported the first direct evidence for a liver microsome- 
dependent epoxidation of VC (Barbin et al., 1975). Reaction of a large excess of 
chloroacetaldehyde, a rearrangement product of chloroethylene oxide, with NBP 
gave an adduct whose spectrum differed from that obtained by reaction of chloro- 
ethylene oxide with NBP (Barbin et al., 1975). Using 3,4-dichlorobenzenethiol as the 
trapping agent, Gtthe et al. (1974), also suggested that chloroethylene oxide is a 
primary reactive intermediate. 



Our initial finding that the relatively inert VC requires metabolism by microsom- 
al mono-oxygenases to yield the powerful alkylating agent, chloroethylene oxide, is 
consistent with other mutagenicity studies in bacteria (McCann et al., 1975; Rannug 
et al., 1974; Greim et al., 1975), yeast (Loprieno et al., 1976; Shahin, 1976) and V79 
Chinese hamster cells (Drevon et al., 1977) and with in vitro binding studies (Kap- 
pus et al., 1975). 



Further evidence that chloroethylene oxide is the ultimate carcinogenic metabo- 
lite of VC was obtained by quantitative comparison of its chemical and biological 
activities with those of ehloroaeetaldehyde. Not only does chloroethylene oxide have 
a 1600-fold higher hydrolysis constant (k = 0.8 min -1) than chloroacetaldehyde 
[assayed as the diethyl acetal, k < 5.0 x 10 -4 min -1 (Van Duuren et al., 1972)] but it 
also alkylates NBP more rapidly: at a molar ratio of 1 : 470, maximal absorbance 
was achieved within 90 s, while for chloroacetaldehyde no increase was observed at 
A = 560 nm up to 60 min (Barbin et al., 1975; Bartsch and Montesano, 1975). 
Although chloroacetaldehyde is a mutagen in S. typhimurium (Malaveille et al., 
1975; McCann et al., 1975), chloroethylene oxide was 500-1000 times more mu- 
tagenic in bacteria (Hussain and Ostermann-Golkar, 1976; Rannug et al., 1976); in 
contrast to the epoxide, chloroacetaldehyde was inactive in yeast (Loprieno et al., 
1977). Chloroethylene oxide was also more active than chloroacetaldehyde in induc- 
ing ouabain-resistant mutants in V79 Chinese hamster cells (Huberman et ai., 1975) 
and unscheduled DNA repair synthesis in cultured human skin fibroblasts (San and 
Stich, personal communication). Furthermore, repeated subcutaneous administra- 
tion of chloroethylene oxide to mice induced local tumours at a frequency compara- 
ble to that of bis(chloromethyl)ether; in an initiation-promotion experiment, chloro- 
ethylene oxide induced skin tumours in mice after topical application, whereas 
chloroacetaldehyde was inactive (Zajdela, Croisy and Bartsch, unpublished data). 
Thus, the high reactivity and mutagenicity of chloroethylene oxide, a member of the 
relatively unexplored group of halogen-substituted oxiranes, strongly supports the 
assumption that it is the ultimate carcinogenic metabolite of VC, which can bind to 
cellular DNA and other macromolecules. Subsequent to our report of the formation 
of 1,Nt-etheno-adenosine, by reaction of chloroethylene oxide or VC in the presence 
of mouse-liver microsomes with adenosine (Barbin et al., 1975) similar etheno-de- 
rivatives have been shown to be produced in RNA- and DNA-bases by VC metabo- 
lites in vitro and in vivo (Green and Hathway, 1978; Laib and Bolt, 1977); other 
alkylation products have also been reported (Ostermann-Golkar et al., 1977). 



Strong evidence was obtained with our device for trapping volatile alkylating 
intermediates (Fig. 2) that vinyl bromide is also converted by mouse-liver micro- 
somes in the presence of oxygen and an NADPH-generating system into bromo- 
ethylene oxide, which after reaction with NBP, gave a spectrum similar to that 
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obtained with chloroethylene oxide (Fig. 7). This indicates that vinyl bromide and 
VC share a common pathway through epoxidation to yield biologically reactive 
intermediates (Bolt, 1978). In support of this theory is the finding that Aroclor- 
treated rats exposed to vinyl bromide or chloride showed increased hepatotoxicity 
(Conolly et al., 1977; Reynolds et al., 1975a). 



Vinyl bromide and VC were also mutagenic in S. typhimurium TA100 and 
TA1530 in the absence of a mouse-liver activation system. Our failure to trap a 
volatile alkylating metabolite(s), formed in the presence of vinyl bromide, an enzyme 
preparation from disrupted ceils of S. typhimurium TA1530, air and an NADPH- 
generating system, may imply that the intra-bacterial activation of vinyl bromide 
and VC into mutagens does not occur through an epoxide; a free-radical mechanism 
has been suggested (Garro et al., 1976). The enzyme systems involved seem to be 
active only in S. typhimurium since VC was not a direct mutagen in E. coli (Greim 
et al., 1975) or in yeast (Loprieno et al., 1976; Shahin, 1976). 



The effect of modifiers of hepatic mono-oxygenase activity on the liver-micro- 
some-mediated mutagenicity of VDC (Table 5) and on the acute toxicity of VDC in 
rodents is consistent with the hypothesis that 1,1-dichloroethylene oxide is formed as 
a primary, biologically active metabolite in an NADPH-dependent microsomal reac- 
tion. The prediction that 1,1-dichloroethylene oxide, an asymmetrically chlorine sub- 
stituted oxirane which can rearrange to chloroacetyl chloride, would be highly unsta- 
ble (Bonse et al., 1975) may explain our inability to trap it with NBP and the failure 
of attempts to synthesize it chemically (Bonse et ai., 1975). 



In experiments with vinylidene fluoride, a borderline liver-microsome-dependent 
mutagenic effect was observed. Although a concentration of 80,000 ppm was not 
hepatotoxic in rats (Jaeger et al., 1975), further investigations are required to estab- 
lish whether this compound can undergo an oxidative metabolism analogous to that 
of VDC. 



The liver-microsome-mediated mutagenicity of trichloroethylene observed in 
bacteria (Table 2 and Greim et al., 1975; Simmon et al., 1977) and in yeast (Bron- 
zetti et al., 1978) and the enhancement of its hepatotoxic effects in rats treated with 
inducers of microsomal mono-oxygenases (Carlson, 1974; Moslen et al., 1977) are 
consistent with the hypothesis that trichloroethylene oxide (Fig. 9) is formed as a 
primary reactive metabolite during microsomal oxidation (PoweU, 1945; Uehleke et 
al., 1977) and with its chemical reactivity towards cellular macromolecules (Bonse et 
al., 1975; Van Duuren and Banerjee, 1976). A low rate of conversion of trichloro- 
ethylene into mutagens or a rapid inactivation of microsomal enzymes through irre- 
versible binding of its metabolites (Uehleke and Poplawski-Tabarelli, 1977) may 
explain its weak mutagenic effect in S. typhimurium, which was observed only under 
special assay conditions. It may also explain our inability to trap the oxirane inter- 
mediate with NBP. Although the role of impurities in the microsome-mediated muta- 
genicity of trichloroethylene cannot be evaluated, the mutagenic effect observed is 
unlikely to be due to epichlorohydrin or 1,2-epoxybutane (both direct-acting alkylat- 
ing agents) which may be present in technical grade trichloroethylene (Henschler et 
al., 1977). In addition, liver microsome-mediated mutagenicity in Salmonella in the 
presence of trichloroethylene was obtained with a test compound which was shown 
to be free of epichlorohydrin and 1,2-epoxybutane (Simmon, personal communica- 
tion and this study). 
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An oxidative metabolism of tetrachloroethylene in the liver (Bonsr et al., 1975) is 
suggested by the fact that hepatotoxicity is enhanced in rats pretreated with PB or 
Aroclor and by the urinary excretion of chlorinated metabolites (Moslen et al., 
1977); tri- and dichloroacetic acids are also urinary metabolites in humans exposed 
to tetrachloroethylene vapours (Bolanowska and Golacka, 1972; Muenzer and 
Heder, 1972). Although these data suggest the presence of an oxirane intermediate, 
tetrachloroethylene was not detected as a bacterial mutagen in the presence of a liver 
microsomal fraction (this paper and Greim et al., 1975). 



Formation of a metabolite(s) of CBD which is (are) more mutagenic in S. typhi- 
murium TA100 than the parent compound was demonstrated by the f'mding that 
mutagenicity was enhanced when liver fractions from PB-treated mice were added to 
plates (Fig. 4) and by the trapping of an alkylating intermediate by NBP whose 
formation was dependent on liver microsomes and NADPH. In analogy to the 
metabolism of VC, it is proposed that epoxidation of double bonds in CBD (vinyl- 
vinyl chloride) yields one of the two isomeric oxiranes (or both), 2-chloro-l,2-epoxy- 
butene-3 and 2-chloro-3,4-epoxy-butene-1 (structures are given in Fig. 9). The struc- 
turally-related 1,2-epoxy-butene-3, a possible metabolite of butadiene, has been re- 
ported to be mutagenic in S. typhimurium TA100 (de Meester et al., 1978). Since 
CBD, in the presence of oxygen, showed a direct alkylating activity towards NBP its 
mutagenic action in bacteria may be in part accounted for by the formation of CBD- 
oxygen adducts (peroxides). 



1-Chloro-butadiene (technical grade) was a direct mutagen in S. typhimurium 
TA100; a microsome- and NADPH-dependent enhancement of mutagenicity was 
observed, perhaps inferring an epoxidation such as that proposed for the isomeric 
CBD. Its direct alkylating activity towards NBP, even under nitrogen, may explain 
its direct mutagenic action. However, the possible contribution of some of the chlori- 
nated constituents present as impurities to its mutagenic and alkylating properties 
has not been evaluated. Experiments with 1-chlorobutadiene carried out in the pres- 
ence of oxygen in the siphon-type apparatus (Fig. 2) used for CBD were unsuccess- 
ful, due to its rapid decomposition. 



3,4-Dichlorobutene-1 was converted in a liver-microsome-NADPH-dependent 
reaction into metabolites which were more mutagenic than the parent compound, 
suggesting the possible formation of an epoxy intermediate, 1,2-dichloro-3,4-epoxy- 
butane. Epichlorohydrin (1-chloro-2,3-epoxypropane), which is structurally related 
to this putative intermediate, showed mutagenic activity comparable to that of 3,4- 
dichlorobutene-1 in the presence of microsomes (Table 7). Since the alkylating activ- 
ity of 3,4-dichlorobutene-1 towards NBP was not increased by the presence of oxy- 
gen, its chemical and biological activities may be attributable to the reactivity of the 
chlorine atom in allylic position towards nucleophiles (Nu) (Fig. 10). 



1,4-Dichlorobutene-2 (77% trans- and 22% cis-isomer) was converted in a liver- 
microsome-NADPH-dependent reaction into metabolites which were more muta- 
genic than the parent compound. The putative reactive intermediate was suggested 
by Van Duuren et al. (1975) to be 1,4-dichloro-2,3-epoxybutane; this compound 
was therefore synthesized and tested; however, it showed lower mutagenic and alkyl- 
ating activities than the parent compound at equimolar concentrations (Table 7, 
Expt. 14). Thus, the microsome-dependent increase in mutagenicity of 1,4-dichloro- 
butene-2 cannot be attributed to this compound but is possibly due to a mono- 
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Fill. 10. Reactivity of the chlorine atom in 3,4-diehlorobutene-1 in the allylie position towards nucleo- 
philes (Nu) 



dechlorinated epoxy derivative, resembling in structure, epichlorohydrin, a powerful 
mutagenic and alkylating agent. 



Use of our siphon-type apparatus for trapping alkylating intermediates and the 
parallel comparison of halo-olefins in mutagenicity and alkylation assays have 
proved to be useful tools in discriminating between metabolic activation processes 
that occur through bacterial enzymes and those that are catalysed by mammalian 
enzymes. 



Comparison of Alkylating, Mutagenic and Carcinogenic Activities 
of Halo-Olefins 



Alkylating activity towards NBP, mutagenicity in S. typhimurium TA100 in the 
presence or in the absence of an NADPH-generating system and the available data 
on the carcinogenicity of these halo-olefins and related epoxides are compiled in 
Table 7. Since many halo-olefins require microsomal activation and because of pos- 
sible interference by bacterial metabolism, no good correlation was found between 
their mutagenic and alkylating activities: thus, for 1,4-dichlorobutene-2, 1,4-di- 
chloro-2,3-epoxybutane and epichlorohydrin, no quantitative relationship between 
these activities was apparent. However, good correlations were observed for VC, 
vinyl bromide, and CBD when fortified mouse-liver microsomes were added to the 
assays. 



Examination of the limited animal data showed a good, although not perfect, 
correspondence between the mutagenic activity of halo-olefins or related epoxides 
and their capacity to induce tumours in animals: vinyl acetate, which was not mu- 
tagenic, does not produce tumours in rats (Maltoni and Lefemine, 1975); on the 
other hand, mutagenic activity was shown for VC, which induced tumours in rodent 
and in humans at different sites including the liver (IARC, 1978); trichloroethylene 1 
which induces hepatocellular carcinomas (IARC, 1976); 1,4-diehlorobutene-2 and 
epichlorohydrin which induce local sarcomas in mice (IARC, 1976). The only ex- 



1 Technical grade trichloroethylene was used in some long-term studies containing several impurities 
such as epichlorohydrin and 1,2-epoxy-butane (for exact composition see Henschler et al., 1977) 
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Table 7. Comparative alkylating, mutagenic and carcinogenic activities of halo-olefms and related 
epoxides 



Expt. Compound 
No. 



Alkylating Mutagenicity in Evidence 
activity with S. typhimurium for 
NBP" (Aura) TA 100' earcino- 
Cofactors Cofactors genicity 



in 
(+) (-) (+) (-) animals~ 



1 Vinyl acetate n.d. a n.d. 0 0 no 
2 VC 0.03 0 6 2 yes 
3 Vinyl bromide 0.05 0 26 9 ? 
4 Vinylidene chloride 0 14 0 yes 
5 Vinylidene fluoride 0 �9 0 
6 Trichloroethylene 0 c 0 yes 
7 CBD 0.08 0.02 50 10 ? 
8 CBD (O z) n.d. 0.3 
9 CBD (N O n.d. 0.01 



10 1-Chlorobutadiene n.d. 4.3 160 80 
11 3,4-Dichlorobutene- 1 n.d. 0.03 490 345 
12 Tetrachloroethylene n.d. n.d. 0 0 yes 
13 1,4-Dichlorobutene-2 n.d. 13 840 155 yes 
14 1,4-Dichloro-2,3-epoxybutane n.d. 10 n.d. 35 
15 Epichlorohydrin n.d. 10 n.d. 555 yes 



" Alkylating activities in Experiments 2--7 were measured by method B; in Experiments 8--15 they 
were measured by method A and from the slopes of the linear region of dose-response'curves from non- 
logarithmic plots of the values (Fig. 8); activity Am~ is expressed as the increase in absorbance at Am~ 
(zSAm.~ per mmol halo-otefin per hour of reaction of the test compound with NBP) 
b Mutagenicity was determined in Experiments 1--12 by exposing plates containing bacteria and liver 
S-9 fraction from PB-treated mice in the presence (+) or absence ( - )  of cofactors to vapours of halo- 
olefins in air (method C). Results are expressed as number of revertants per p.mol of dissolved test 
compound per hour of exposure and were calculated from dose- and time-dependent response curves; 
the number of spontaneous mutants has been subtracted. Mutagenicity in Experiments 13-15 was 
determined by incorporating the test compound into plates containing bacteria and liver S-9 from PB- 
treated mice in the presence (+) or absence (--) of eofactors (method D). Results are expressed as 
number of revertants per ~.mol of test compound added per plate and were calculated from dose- 
response curves; the number of spontaneous mutants has been subtracted 



Sufficient evidence for the presence or absence of carcinogenicity in animals ('yes' or 'no') is supplied 
by references listed in the text. Limited evidence for carcinogenicity is indicated as a question mark 
d n.d.: not determined 
e Marginal mutagenicity was observed under special assay conditions (see Table 2) 



cept ion  - -  the only  false nega t ive  result  - was  ob ta ined  with te t raeh loroe thy lene ,  



which p roduces  hepa toce l lu la r  c a r c i n o m a s  in mice  (Na t iona l  C a n c e r  Inst i tute ,  1977) 



but  was  no t  found  to be mutagert ic  in our  studies or  in those  o f  o thers  (Gre im et al., 
1975). 



A l t h o u g h  an excess  o f  lung and skin cance r  in h u m a n s  has  been  related to 



exposure  to  C B D ,  no ca rc inogen ic  effect  has  been repor ted  in rats  and  mice  ( Infante  



et al., 1977; I A R C ,  1978). Since  this c o m p o u n d  is mu tagen ic  in bac te r ia  and in 



Drosophila (Vogel,  1976), fur ther  exper imenta l  and ep idemiologica l  ev idence  should 



be ob ta ined  in o rder  to assess its b iological  hazard .  Owing  to the l imited na tu re  o f  
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the an ima l  data,  no  eva lua t ion  of  the carc inogenic i ty  of  vinyl  b romide  I has  been 
made  ( I A R C ,  1978); however ,  its mouse-  and  human- l iver  microsome-media ted  mu-  
tagenic  effect indicate  its potent ia l  carcinogenici ty .  Vinyl idene fluoride, 1-chlorobu- 
tadiene,  3 ,4-dichlorobutene-1 and  1,4-dichloro-2,3-epoxy-butane were also mutagen-  
ic, to va ry ing  extents,  and  should be tested further  in animals ,  if h u m a n  exposure  is 
found  to occur.  
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Toxicity of /SCbloroprene (2-Chlorobutadiene- 1,3): Acute and Subacute Toxicity. CLARY, 



J. J., &RON, V. J., AND REUZEL, P. G. J. (1978). Toxicol. Appl. Pharmacol. 46,375-384. A study 
of the toxicity of /Schloroprene, which consisted of acute inhalation toxicology, Class B poison 
test, and a 4-week range study, was conducted to evaluate the acute and subacute toxicity of the 
/Schloroprene and the preliminary work prior to a 2-year inhalation study on rats and hamsters. 
/Xhloroprene appears to have a low acute toxicity. The Approximate Lethal Concentration 
(ALC) in rats after 4 hr of exposure is approximately 2280 ppm. It is not a Class B poison. 
Repeated exposures by inhalation in the range-finding studies4 weeks, 6 hr a day, 5 days a 
week-demonstrate, however, that /3-chloroprene does have cumulative toxicity. Range-finding 
inhalation studies ;n rats and hamsters at approximately 625, 160, and 40 ppm show toxic 
effects even at the lowest level. The primary effects seen at the low level were skin and eye 
irritation and weight loss in rats. At higher levels tissue damage, especially lung and liver, and 
mortality were observed. Hair loss was observed, primarily at the two highest levels in 
female rats. 



2-Chlorobutadiene-1,3, more commonly called b-chloroprene, is used as a chemical 
intermediate in the manufacture of synthetic rubbers. Early toxicological investigations 
by von Oettingen, et al. (1936) and Nystriim (1948) covered responses following p- 
chloroprene exposure at high levels. Based on the work done by 1954, a Threshold 
Limit Value (TLV) of 25 ppm was established by the ACGIH4 for this compound. In 
the last few years, there have been many Russian publications related to the metabolic 
effects of P-chloroprene as well as the effects on specific physiological systems, i.e., 
hepatic, nervous, cardiovascular, respiratory, and adrenal (Allaverdyan, 1970; 
Asmangulyan and Badalyan, 1971; Mikaelyan and Mkhitaryan, 1969; Mkhitaryan, 
1971; Mkhitaryan and Mikaelyan, 1971). Included in the recent literature are two 
papers by Khachatryan (1972a, b) alluding to excess skin and lung cancer in humans 
working in Pchloroprene plants where the exposure levels are reported to be low. A 
more recent paper by Zilfyan et al. (1975), however, has indicated that j3chloroprene is 
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not a carcinogen in animals exposed by the po, SC (200 m&kg+-50 dose), or dermal 
route. Because of the nature of the early data previously generated on P-chloroprene, 
and the concern generated by recent work in Russia, a program was undertaken to 
evaluate more thoroughly the hazards of P-chloroprene. This paper is Part I of the 
assessment of the toxicity of p-chloroprene, and it covers some recently generated acute 
exposure experiments and a 4-week inhalation range-finding study. Part II will report 
the results of a 2-year inhalation study in rats and hamsters that is currently in progress. 



METHODS 



Class B poison tests were conducted on @hloroprene, at the doses indicated, by the 
dermal (200 mg/kg), po (50 mg/kg), and inhalation (2 mg/liter) routes according to the 
method as outlined in the Interstate Commerce Commission Regulations (Agent T. C. 
George’s Tarriff No. 19, page 109, Section 73.343). In addition, a modifled Class B 
inhalation test was conducted in which the animals were held beyond the normal 48-hr 
recovery period. The Approximate Lethal Concentration (ALC) was also determined 
by inhalation. For the ALC inhalation exposure, Bchloroprene was metered via a 
syringe infusion pump into a stainless steel delivery tube at room temperature. Nitrogen 
was used as a vehicle to carry the P-chloroprene into a 20-liter glass exposure chamber. 
Oxygen was added to maintain a 20% oxygen atmosphere. Methanol, in a midget 
impinger, was used to trap the fichloroprene in air and the resulting solutions were 
injected directly onto a gas chromatograph. Six male albino rats, Charles River 
Cesarean-derived, weighing approximately 250 g were used for each 4-hr exposure. All 
surviving animals were weighed daily until 14 days after exposure, at which time they 
were submitted for histological examination. 



In the 4-week inhalation range-finding studies, samples of P-chloroprene that had 
been freshly distilled, stored in dry ice, and checked for purity by using gas chroma- 
tography were used according to the method Culik et al. (1977). Test atmospheres were 
generated by passing nitrogen through a fritted glass bubbler containing /Uloroprene 
which was kept at O’C by using an ice bath. The /$chloroprene-nitrogen mixture was 
then diluted to the desired air concentration by adding compressed air. The control 
atmosphere was generated in the same way, except no /$chloroprene was present. The 
gas mixtures were fed into horizontally placed glass exposure cylinders. The total air 
flow was 12 liters/min. The cylinder was equipped with a stainless steel perforated plate 
and could accommodate 10 animals-5 males and 5 females-individually. These 
exposure cylinders were kept at a temperature of 22 to 24OC, and the relative humidity 
ranged between 50 and 60%. Forty male and 40 female rats, equally divided into 4 
groups, were used in the first 4-week study. They were Specific Pathogen-Free (SPF) 
rats, Wistar-derived, and were obtained from the Central institute for the Breeding of 
Laboratory Animals, TNO, Zeist, The Netherlands. The initial average weight of the 
male rats was 81 g and that of the female rats was 72 g. The design exposure levels for 
the rat experiment were 0, 50, 200, and 800 ppm of /--chloroprene, respectively, and the 
duration of exposure was 6 hrlday, 5 days/week for a period of 4 weeks, 



After the rat 4-week range-finding study, a similar study was conducted using Syrian 
golden hamsters. Details were the same except design levels, which were 0,40, 160, and 
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625 ppm, and food consuption was not measured. The initial average weight for the 
male hamsters was approximately 67 g and for the females 69 g. 



During the inhalation exposure 2 ml of air samples was taken several times from the 
inlet and outlet of each cylinder. The samples were analyzed by using a Hewlett- 
Packard Model 5710 Gas Chromatograph equipped with aflame ionization detector. A 



oropak t column was used for the gas samples, and a GF column was used for samples 
collected in toluene. 



Animals were housed in the exposure cylinder in a fixed order and shifted ahead, in 
order, each day to ensure random exposure, and were provided with stock diet and 
water ad libitum after exposure. Individual body weights and average food consumption 
were recorded weekly (rats only). At the end of the study, hematological examination, 
which included an estimation of hemoglobin, hematocrit, erythrocyte, and leukocyte 
counts was carried out. In addtion, urine examinations, using a dip stick, were made for 
pH, glucose, protein, occult blood, and ketones. Pooled urine samples were also 
evaluatd microscopically. The day after the last exposure the rats were killed by 
exsanguination from the abdominal aorta after they had been anesthetized with a 
barbiturate ip, and all organs were examined grossly. Heart, kidneys, liver, spleen, 
adrenals, thyroid, brain, and lungs with trachea and larynx were weighed. These organs 
and the rat’s head were fixed in a 4% neutral formaldehyde solution. The lungs were 
fixed by intratracheal infusion with the formaldehyde solution at 10 cm of water 
pressure. The tissues were embedded in paraffin wax, sectioned and stained with 
hematoxylin and eosin. Statistical analysis of the body weight changes and organ-to- 
body weight ratios were carried out by using the t test, and hematological data were 
evaluated statistically according to Wilcoxon (1945). 



RESULTS 



As no deaths were observed, P-chloroprene is not a Class B poison by dermal, po, or 
inhalation routes. The only significant observation following skin contact was mild to 
moderate skin erythema with skin edema. Irregular respiration and mild lacrimation and 
slight initial weight loss were observed following the inhalation exposure. No signs were 
noted in the po Class B poison test. 



In the modified Class B poison inhalation test, however, where the animals were 
observed beyond the prescribed 2-day recovery period, two animals died on the sixth 
day and three on the seventh day. All surviving animals showed normal weight gain by 
the 14th day after exposure. 



The ALC, following 4 hr exposure by inhalation, was determined to be 8.42 mg/liter 
or 2280 ppm. The signs observed in this study were similar to those observed in the 
Class B poison inhalation test, with deaths after several days and weight gain during 
recovery. The Pchloroprene exposure levels used and the mortality in this study are 
indicated in Table 1. The histological examination of one rat that died 2 days after 
exposure demonstrated hemorrhagic infarction of the lungs and central and midzonal 
necrosis in the liver. Additional animals sacrificed 1 or 2 days after exposure showed 
desquamation and degeneration of the bronchial epithelium and pulmonary edema as 
well as liver changes. 
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TABLE 1 
INHALATION APPROXIMATE LETHAL 



CONCENTRATION (ALC) OF /3-CHLOROPRENE 
IN MALE RATS 



Four-hour exposure 



Concentration 



mg/liter ppm 
Mortality 



(Dead/Total) 



1.95 530 016 
6.24 1690 O/6 
8.42 2280 l/6 



13.04 3535 216 
13.30 3610 216 



The concentrations of Pchloroprene in the air in the 4-week range-finding studies are 
shown in Table 2. In the rat study, the two higher levels were considerably below the 
design level because of generation problems but it was decided to continue exposure at 
these levels because they were obviously levels capable of producing toxic effects. Eye 
irritation, restlessness, lethargy, nasal discharge, and orange-colored urine were 
observed in the rats and hamsters exposed to the highest exposure level. Hair loss was 
observed in several female rats at the highest and mid-exposure levels. Mortality in the 
rat and hamster studies, by week, is listed in Table 3. Body weight data for both studies 
are given in Table 4. There is evidence of exposure concentration-related growth 
retardation. Food consumption was considerably decreased in both male and female 
rats early in the study (Table 5). j%Chloroprene had no significant effect on the results 
of hematological investigations in males or females, as shown in Table 6. Except for the 
presence of yeast cells in the urine of the male rats at the high exposure level and a 
decrease in the number of crystals in the urine of males with increasing levels of p- 
chloroprene, the urine examination showed no effect due to /I-chloroprene inhalation. 
The organ-to-body weight ratios are presented in Table 7 (A and B). Statistically 



TABLE 2 
ACTUAL MEAN CONCENTRATIONS OF /3-CHLOROPRENE FOR 



~-WEEK RANGE-FINDING STUDY~ 



Levels 
(ppm) Rat study 



Design 0 50 200 800 
Actual 0 39 * 5 161 + 22 625 f 6 



Hamster study 



Design 0 40 160 625 
Actual 0 39 k 6 162 + 17 630 f 42b 



a The data are expressed a mean parts per million f  SD. 
b First day exposure only-all animals died. 
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TABLE 3 
CUMULA~VE MORTALITY FOLLOWING INHALATION EXPOSURE TO P-CHLOROPRENE~ 



Number of deaths at end of week 



1 2 3 4 
/%Chloroprene 



(wm) d 0 c? 0 d 0 d 9 



Rats 
0 0 0 0 0 0 0 0 0 



39 0 0 0 0 0 0 0 0 
161 2 0 3 0 3 0 3 0 
625 3 1 4 1 5 1 5 3 



Hamsters 
0 0 0 0 0 0 0 0 0 



39 0 0 0 0 0 0 lb 0 
162 1 3 1 3 1 3 1 3 
630 10 10 10 10 10 10 10 10 



(1 The exposure group consisted of 10 males and 10 females. 
b Killed by accident. 



significant differences in relative organ weights between the test and control groups 
occurred with all organs weighed except for the heart. Changes in relative weight of the 
kidneys, liver, and lungs indicate an effect of /3-chloroprene on these organs, whereas 
changes in relative weight of other organs may be reflections of decreased body weights. 
Gross pathological examination showed dark, swollen livers and grayish lungs 



TABLE 4 
MEAN BODY WEIGHTS FOLLOWING INHALATION EXPOSURE TO D-CHLOROPRENE” 



Average body weight (in g) at end of week 



0 1 2 3 4 
PChloroprene ____ 



(wm) d 0 CT 0 d 0 d 9 d 9 



Rats 
0 81 72 117 101 157 123 192 140 227 152 



39 81 72 101” 88’ 133b 1076 165b 124b 1836 134c 
161 81 72 91b 82b 120b 99b 1506 1126 164b 124b 
625 81 72 86b 80b 113b 956 140b 1096 147b 113b 



Hamsters 
0 68 68 76 78 84 89 91 101 96 111 



39 66 69 75 81 83 92 91 102 94 111 
162 65 66 67d 70 72d 75d 77d 81c 78’ 9oc 
630 67 69 - _ _ - _ - - _ 



a The exposure group consisted of 10 males and 10 females. 
bp <O.ool. 
cp < 0.01. 
dp < 0.05. 
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TABLE 5 



MEAN FOODCONSUMPTIONFOLLOWINGINHALATIONEXPOSURETOP~CHLOROPRENE~ 



Food consumption (g/rat/day) during week 



1 2 3 4 
P-Chloroprene 



(wm) Cs Q c? Q ~3’ Q d Q 



0 12.6 10.9 16.1 12.1 17.3 12.5 12.9 8.8 
39 10.2 9.1 13.0 10.2 14.9 11.2 11.9 9.8 



161 7.3 6.3 11.6 9.5 11.8 10.7 11.3 8.8 
625 6.6 5.4 11.9 8.6 13.7 10.7 13.3 11.0 



u Theexposuregroup consisted oflomales and 10 females. 



containing hemorrhagic areas in most of the animals that died during exposures. In 
some of these rats, the lobular pattern of the liver was very pronounced. Dark, swollen 
livers were also found in several animals exposed to the highest concentration level 
when they were killed at the end of the experiment. No other gross changes were 
observed that could be attributed tofichloroprene. 



The microscopic examination of tissues from the rats showed a slight to severe degree 
of centrilobular liver degeneration and necrosis in all males and in 8 out of the 10 
females in the high exposure group. The affected central area of the hepatic lobules was 
often filled with blood and occasionally contained proliferated mesenchymal cells, the 
presence of which is considered an attempt of the liver to repair the damage inflicted 
upon the hepatic parenchyma. To a slight degree, this liver condition was also found in 
two of three males at the midexposure dose that died during this experiment. Males and 



TABLE 6 



HEMATOLOGICAL FINDINGS RECORDED AT WEEK 4 FOLLOWING INHALATION EXPOSURE TO 
PCHLOROPRENE OF GROUPS OF ANIMALS INITIALLY CONSISTING OF 10 MALES AND 10 



FEMALES 



Hemoglobin Packed cell Erythrocytes White blood cells 
(g/100 ml) (volume %) (x 106/mm3) (x 103/mm3) 



D-Chloroprene 
(wm) d Q d Q d Q d Q 



Rats 



3: 
161 
625 



Hamsters 
0 



39 
162 



14.0 14.2 16.2 15.9 43.6 43.5 46.6 45.5 6.6 6.3 7.4 7.5 13.5 11.6 14.9 12.9 
13.9 15.2 42.9 44.4 6.5 7.4 10.9” 14.6 
13.2 15.1 41.5 44.7 6.0 7.7 13.0 12.9” 



17.8 16.5 53.4 49.4 7.3 6.8 10.9 8.2 
17.7 17.1 52.7 50.3 7.4 7.0 9.8 9.2 
17.7 16.9 53.2 51.3 7.6 7.3b 10.4 8.7 



“p < 0.05. 
bp < 0.01. 











CHLOROPRENE TOXICITY 381 



females of the intermediate exposure group that were terminated at the end of the 
exposure did not show these changes. At the low exposure level, the livers were not 
different from those of the controls. The kidneys of the high level animals showed 
slightly enlarged tubular epithelial cells. In addition, in one male and one female at the 
high exposure level a few foci of necrotic tubules were found in the intramedullary area 



TABLE 1 



BODY WEIGHTS AND RELATIVE ORGAN WEIGHTS IN HAMSTERS AND RATS AFTER 4 WEEKS 
OF INHALATION EXPOSURE TO P-CHLOROPRENE~ 



BChloroprene Body 
bpm> weight Heart Kidney Liver Spleen Brain Thyroid Adrenal 



A. Hamsters 
Males 



0 



39 



162 



Females 
0 



39 



162 



B. Rats 
Males 



0 



39 



161 



625 



Females 
0 



39 



161 



625 



96 0.419 0.92 4.59 0.112 0.99 0.0063 0.0212 
(3) (0.013) (0.02) (0.08) (0.006) (0.03) (0.0009) (0.0008) 



94 0.468 0.91 4.45 0.108 1.01 0.0062 0.0197 
(3) (0.028) (0.01) (0.13) (0.008) (0.03) (0.0006) (0.0015) 
7gb o.47gc 1.05d 4.986 0.099 1.23d 0.0064 0.0250c 
(4) (0.016) (0.02) (0.11) (0.005) (0.05) (0.0010) (0.0011) 



111 0.448 0.94 4.46 0.133 0.89 0.0045 0.0168 
(6) (0.030) (0.02) (0.11) (0.005) (0.03) (0.0007) (0.00 14) 



111 0.484 0.97 4.52 0.152 0.89 0.0053 0.0176 
(4) (0.023) (0.02) (0.18) (0.015) (0.03) (0.ooo9) (0.0007) 



90’ 0.455 1.06f 4.80 0.138 1.05e 0.0052 0.0137 
(5) (0.038) (0.04) (0.18) (0.012) (0.06) (0.0006) (0.0011) 



221 0.354 0.15 4.56 
(5) (0.008) (0.01) (0.09) 



183d 0.369 0.75 4.12b 
(4) (0.009) (0.01) (0.07) 



164d 0.335 0.79 3.61b 
(5) (0.024) (0.05) (0.29) 



148d 0.358 1.06d 5.37b 
(9) (0.006) (0.03) (0.22) 



152 0.401 0.78 4.09 0.301 1.08 
(5) (0.009) (0.02) (0.11) (0.018) (0.04) 



1346 0.436 0.87 4.31 0.273 1.19c 
(4) (0.023) (0.04) (0.23) (0.012) (0.03) 



124d 0.421 0.93d 4.15 0.285 1.30d 
(4) (0.015) (0.03) (0.05) (0.009) (0.04) 



114d 0.416 1.13d 5.25d 0.278 1.36* 
(3) (0.015) (0.04) (0.30) (0.009) (0.06) 



Lung 
0.278 0.15 0.58 



(0.011) (0.01) (0.01) 
0.242c 0.91d 0.57 



(0.010) (0.02) (0.02) 
0.213b 0.91* 0.56 



(0.019) (0.06) (0.04) 
0.217b l.Ogd 0.6kXd 



(0.015) (0.07) (0.01) 



0.69 
(0.02) 
0.69 



(0.02) 
0.12 



0.0098 0.0174 
(0.0005) (0.00 10) 
0.0124c 0.0216b 



(0.0009) (0.0011) 
0.0117 0.0234b 



(0.0011) (0.0016) 
0.0120 0.0289* 



(0.0025) (0.0010) 



0.0132 0.0296 
(0.0007) (0.0015) 
0.0135 0.0287 



(0.0007) (0.0017) 
0.0176 0.0301 



(0.0021) (0.0012) 
0.0187b 0.0356c 



(0.0018) (0.0014) 



4 The body weights and relative organ weights are expressed in grams and grams per 100 g body weight, 
respectively, aad are given as means k SE, 



bO.O1 <p <O.Ol. 
co.01 <p<o.o05. 
dp < 0.001. 
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of the kidneys. No renal effects were seen at the lower levels. The lungs of rats that died 
during the experiment exhibited small hemorrhages and perivascular edema. Occasion- 
ally, the interalveolar septa appeared thickened and rich in cells. The lungs of survivors 
were not visibly affected by the test compound. A slightly increased hemopoietic 
activity was observed in the spleens of most males at the high exposure level. 



In the hamster study, the lungs of most of the animals that died within 24 hr after the 
first exposure (all high exposure animals, and one male and one female of the mid- 
exposure level group) showed grayish and reddish areas which were edematous. Signs of 
fecal and urinary incontinence were found in one male and three females exposed to 630 
ppm of /I-chloroprene. In addition, one high exposure male had blood around its nose. 



The heart of one of the two females of the midexposure group that died on the second 
day of exposure was strikingly pale, and the thoracic cavity contained a considerable 
amount of watery fluid. Microscopic examination revealed apparent severe focal myo- 
carditis. The other female had a small spleen and a pale liver with a very pronounced 
lobular pattern. 



Several males and females of the midexposure group showed focal hepatic pallor. No 
other gross changes were seen that could be attributed to the test compound. 



In the liver, necrosis and degeneration of hepatocytes were found in most of the 
survivors of the midexposure group. The changes, which were found locally and not 
throughout the organ, varied in degree from slight to severe and mainly involved the 
parenchymal cells halfway between the periphery and the center of the lobules (mid- 
zonal degeneration and necrosis). In severely affected livers, the alterations also 
extended to the region around the central vein. In the affected areas, a relatively high 
number of reticuloendothelial cells was seen. It was not clear whether this was a real 
increase due to proliferation of reticuloendothelial cells or an apparent increase caused 
by the disappearance of parenchymal cells. 



Some irritation of the mucous membrane of the nasal cavity occurred in several 
males and females of the low exposure and midexposure groups. This irritation was seen 
as a slight flattening and thinning of the layer of the olfactory epithelium in the 
dorsomedial part of the nasal cavity. In this region, the underlying connective tissue 
occasionally appeared to be somewhat loosely arranged, perhaps because of edema. 
These signs of minimal irritation were also found, though to a very slight degree, in a 
few males and females of the control and high exposure groups. 



The nasal cavity and trachea of many of the hamsters that died during the first 24 hr 
after exposure contained various amounts of transudate. All of them showed extensive 
alveolar and perivascular edema of the lungs. The lungs of the survivors were not 
visibly affected by the test compound. 



DISCUSSION 



The studies described here are a further effort to evaluate the toxicity of pchloro- 
prene and to add to any information generated in the 1930’s and 1940’s on this 
compound. PChloroprene is not classified as a Class B poison following the inhalation 
exposure and its 4-hr ALC by inhalation is 2280 ppm. Based on the acute responses, 
i.e., it might be expected that high levels of /I-chloroprene could be used for subchronic 
or chronic exposures. 
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The range-finding studies indicate that repeated exposure at approximately 625 ppm 
in rats resulted in mortality as well as growth retardation. In hamsters, one exposure at 
630 ppm was lethal. Midzonal liver degeneration and necrosis were also noted at both 
the high exposure and midexposure levels as well as increased liver and kidney weights 
in both species. The lower exposure level (39 ppm) was irritating in both species, and 
significant growth retardation was also noted in the rats. The alopecia observed in the 
present studies is consistent with earlier reports by Ritter and Carter (1948), Nystrlim 
(1948), and Flesch and Goldstone (195 1). 



The question of chemical stability is important to discuss in any chloroprene study. 
Stewart (197 1) reports that Pchloroprene dimerizes and Bailey (1968) found peroxide 
formation when /I-chloroprene is exposed to air. Therefore, studies done with 
“chloroprene” may really be studies of “aged” chloroprene, which contains a significant 
amount of peroxide and other related materials. The importance of this difference was 
pointed out as early as 1948 by Nystrom, who tested both fresh chloroprene and a 
material called “oxidized chloroprene”. The oxidized chloroprene was reported to be 
four times as acutely toxic as the non-oxidized SC exposure in rats. In the U.S., Culik et 
al. (1977) showed /3chloroprene exerted no embryotoxic or teratogenic effects 
following inhalation at levels of 25 ppm and lower, while studies done in Russia 
(Fomenko and Salnikova, 1973 and 1975) reported increased embryo mortality, 
internal bleeding, and hydrocephalus at 1 ppm. 



The generation and sample handling procedures used by Culik et al. (1977) 
minimized dimerization and peroxide formation while the procedures used by Fomenko 
and Salnikova (1973) and Salnikova and Fomenko (1975) are unclear. The chemical 
nature of the materials used by von Oettingen (1936) and later by Nystrom (1948) is 
difficult to determine at this date. However, it is important that studies with j?-chloro- 
prene in the future be conducted under rigorous conditions to minimize dimer formation 
and to prevent oxidation. In a normal industrial use, @hloroprene is usually rapidly 
polymerized after distillation, but dimer formation may be possible under some 
conditions and the toxicity of the dimer should be investigated on its own. 
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Summary 



The mutagenicity of vinyl chloride, vinylidene chloride (1,1~iichloroethyl- 
ene) and chloroprene (2~hloro-l,3-butadiene) was tested in V79 Chinese 
hamster cells in the presence of a 15 000 × g liver supernatant from pheno- 
barbitone-pre-treated rats and mice. Mutations in terms of 8-azaguanine and 
ouabain resistance were induced in a dose-related fashion by exposure to vapour 
of vinyl chloride in the presence of liver supernatant from phenobarbitone-pre- 
treated rats. Vapours of vinylidene chloride and chloroprene induced a dose- 
related toxicity in the presence of liver supernatant from phenobarbitone-pre- 
treated rats, but these two compounds were not mutagenic in V79 Chinese 
hamster cells under the present assay conditions. The results are discussed with 
regard to the metabolic activation of the compounds and to the correlation 
with their carcinogenicity in man and experimental animals. 



Chlorinated hydrocarbons, such as VCM, VDC and chloroprene, are pro- 
duced in large quantities and are widely used in the production of plastics and 
synthetic rubbers. There is unequivocal evidence that VCM is carcinogenic to 
man, as well as to a number of other animal species [15]. VDC, a structurally 
related compound and a copolymer of VCM, is carcinogenic to mice and rats, 
but no data are available on its carcinogenicity to man [ 15]. Chloroprene has so 
far not been found to be carcinogenic in mice and rats, although some human 



* Present address: Department of  Cancer Cell Research, Institute of  Medical Science,  University of 
Tokyo, Shirokanedal, Minato-ku, Tokyo 108 (Japan). 



Abbreviations: AZA r, 8-azaguanine resistance; FCS, foetal calf serum; OUA r, ouabain resistance; 
$15, 15 000 X g supernatant fraction; VCM, vinyl chloride (monomer); VDC, vinylidene chloride 
(1,1-dichloroethylene). 
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studies revealed an increased cancer incidence and a high incidence of chromo- 
somal aberrations in peripheral lymphocytes of workers exposed to this sub- 
stance [15]. All three of these chlorinated hydrocarbons have been reported to 
be mutagenic in microbial systems [1,5,6,10,11,22--24,26,28,30,31]. The 
adverse biological effects of these compounds, as of many other chemical car- 
cinogens, are attributable to the formation of reactive metabolites by micro- 
somal mixed-function oxidases. 



In recent years, several short-term tests using mammalian cells have been 
developed: of these, the mutagenicity test in V79 Chinese hamster cells has 
been relatively well evaluated, using a series of direct-acting carcinogens and a 
number of those requiring metabolic activation, e.g. N-nitrosamines [8,19,20], 
polycyclic aromatic hydrocarbons ([ 13,17] and unpublished) and aflatoxins 
([17,20] and unpublished). In mutagenicity assays of some ester derivatives of 
N-hydroxy-2-aminofluorene [ 18] and of praziquantel, a new anti-schistosomal 
drug [3], this system was found to be useful, when incorporated into a battery 
of short-term tests, in increasing the predictive value of these tests for carcino- 
genicity. We now report on the mutagenicity of VCM, VDC and chloroprene 
in V79 Chinese hamster cells in the presence of liver post-mitochondrial frac- 
tion plus cofactors. The results are discussed in correlation with the carcino- 
genicity of these substances in man and experimental animals. 



Materials and methods 



VCM (purity 99.9%) was generously provided by RhSne-Progil (Lyon, 
France); it was contaminated with ethanol (30 ppm), water (20 ppm), methyl 
chloride (<20 ppm) and non-volatile substances (<5 ppm). VDC, containing 
0.3% 4-methoxyphenol as antioxidant, was obtained from Merck-Schuchardt 
(Darmstadt, Federal Republic of Germany). Chloroprene (2-chloro-l,3-buta- 
diene; purity 99%) was provided by Distugil (Le Pont de Claix, France); it was 
contaminated with 0.8% l~hloro-l,3-butadiene, crotylchloride at <200 ppm 
and 2-chlorobutene-1 and 2-chlorobutene-2 at 80 ppm. 8-Azaguanine (Pfaltz 
and Bauer, Flushing, NY, U.S.A.), ouabain (Sigma Chemical Co., St. Louis, 
MO, U.S.A.) and agar (special agar Noble, Difco Lab., Detroit, MI, U.S.A.) were 
purchased. Autoclavable Eagle MEM was obtained from Flow Laboratories 
(Irvine, Ayrshire, Great Britain). FCS was purchased from Grand Island Biologi- 
cal Co. (Grand Island, NY, U.S.A.). 



Mutagenicity in V79 Chinese hamster cells 
Mutations in terms of resistance to 8-azaguanine, a purine analogue, and to 



ouabaln, a specific inhibitor of Na÷/K÷-activated ATPase in cell membranes, 
were recorded in V79 Chinese hamster cells. Experimental procedures were a 
modification of the assay system for nitrosamines reported previously [8,19]. 



V79 Chinese hamster cells were plated at a concentration of 1.5 X 106 cells/ 
60 mm petri dish and were cultured overnight in Eagle MEM, supplemented 
with 10% FCS. They were then incubated at 37°C for 5 h or more in 2.5 ml of 
the reaction mixture, either in liquid suspension or suspended in 0.3% agar. The 
reaction mixture consisted of 0.75 ml S15 post-mitochondrial fraction from 
the livers of BDVI male rats or OF-1 male mice, which had been treated with 
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phenobarbitone (1 mg/ml) in drinking water for 7 days; 0.75 ml modified 
S~brensen phosphate buffer  (0.055 M, pH 7.4, containing 0.9% NaC1 and 1.6 mg 
MgC12 • 6H20 per ml); and 0.75 ml phosphate-buffered saline containing 12.5 
/~mol glucose 6-phosphate, 2 umol NADP ÷, amino acids, vitamins from Eagle 
MEM and 0.25 ml FC8. (Components of culture medium, such as amino acids, 
vitamins from Eagle MEM and FCS, were included in the reaction mixture to 
ensure survival of  the cells for long incubation periods.} For  agar suspensions, 
agar was added to modified S~brensen phosphate buffer  at 1.0%. 



The petri dishes were then placed in a desiccator (10--15 1) and exposed to 
the vapour of  the chemicals being tested. For VCM, the gas was introduced into 
the desiccator, which had been evacuated, with the aid of  a manometer ,  at 
levels corresponding to 5, 10, 20 and 30% in volume; after 20--30 min at 37°C 
the pressure was adjusted to atmospheric level. For  VDC and chloroprene, 
which are liquids at low temperatures,  the volume calculated to give a known 
volume of  vapour (on the basis of  Avogadro's law) was frozen and placed in the 
desiccator. The desiccator was partially evacuated and incubated for 20--30 
min at 37°C to allow the compound to vaporize; air was then introduced until 
atmospheric pressure was obtained. The desiccator, covered with aluminium 
foil, was then incubated in a water-bath at 37°C for 5, 10 or 15 h. The concen- 
trations of  the compounds in aqueous phase under  these conditions were deter- 
mined previously, using gas-liquid chromatography [6,24]. After  the exposure 
period, the vapour was removed under  vacuum and replaced by air; the cells 
were washed twice and incubated for 2--3 h in fresh culture medium. The 
control cells were treated in the same way, either simply in the absence of  the 
chemicals or in reaction mixture from which the S15 fraction or cofactors 
(glucose 6-phosphate and NADP ÷) had been omitted.  For  some unknown 
reason, controls for which cofactors were omit ted repeatedly yielded a lower 
plating efficiency as compared with cells incubated in the complete mixture or 
those for which the S15 fraction was omit ted (see Table 2). 



The cells were then plated for the determination of  the cytotoxici ty  and 
mutagenicity induced. Cytotoxici ty was determined by plating 100 cells/ 
60 mm petri dish (4 dishes for each point) and cultured for 7 days. For muta- 
genesis, 2 × 104 and l 0  s cells/60 mm dish were plated for AZA r and OUA r, 
respectively (8 dishes for each point). After  an expression period of  48 h, selec- 
tion drugs were added to give final concentrations of  20 ug/ml 8-azaguanine or 
1 mM ouabain. The media containing the drugs were changed once, 5--7 days 
later; for the 8-azaguanine medium, FCS was replaced by dialysed FCS and 
non-essential amino acids were added to 0.1 mM. The cultures were fixed and 
stained with Giemsa at 12 days for AZA r and at 14 days for OUA r. Mutation 
frequency was calculated per l 0  s survivors, the number  of cells plated and the 
plating efficiency being taken into account.  Reproducibility of  the results was 
confirmed by repeated experiments; 5 times with VCM, 4 times with VDC and 
twice with chloroprene. Means and standard errors in the figures and tables 
refer to the variability in a single experiment.  The stability of  the AZA ~ and 
OUA ~ colonies was demonstrated in 10 and 11 isolated colonies, respectively, 
which were cultured for more than one month  in the absence of the drug 
used for selection [8,19]. 
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Mutagenicity of VCM 
To determine the optimal conditions for detecting the mutagenicity of 



these gaseous compounds,  V79 cells were composed to 20% (v/v) VCM in air 
for 5, 10 or 15 h in the presence of  liver $15 from phenobarbitone-pre-treated 
rats; the cells were suspended either in liquid (left column of  Fig. 1) or in 0.3% 
agar (right column of  Fig. 1). Agar suspension was used, since VCM has been 
reported to induce mutat ions in Salmonella typhimurium only when tested in 
the agar-incorporation assay and not  in the liquid-suspension assay [5]. Post- 
mitochondrial  fractions from phenobarbitone-pre-treated rats or mice have 
been shown to increase VCM-induced mutagenici ty in S. typhimurium over 
that  obtained with fractions from untreated animals [5,24]. 



As seen in Fig. 1, the reaction mixture,  in either suspension, was not  by itself 
toxic to the V79 cells within 10-h incubation time; 15-h incubation in liquid 



L I Q U I D  



3 
>- 



u 2 z 
w 



o 1 



L 



Z 
2 
~- 30 



~ 20  



10 



176  



A G A R  



A Z A  r 



5 10 15 5 10 15 



INCUBATION TIME ( h o u r s )  



Fig .  1. T i m e  c o u r s e s  o f  t h e  i n d u c t i o n  o f  c y t o t o x i c i t y  a n d  o f  m u t a t i o n s  b y  e x p o s u r e  t o  20% (v/v)  V C M  in 
a i r  (e )  in  r e a c t i o n  m i x t u r e  c o n t a i n i n g  $ 1 5  l iver  f r a c t i o n  f r o m  p h e n o b a r b i t o n e - p r e - t r e a t e d  r a t s  p in s  
c o f a c t o r s ,  in  e i t h e r  l i q u i d  s u s p e n s i o n  ( le f t  c o l u m n )  o r  in  0 . 3 %  agaz s u s p e n s i o n  ( r i gh t  c o l u m n ) .  C o n t r o l s  
(o)  w e r e  t r e a t e d  in  t h e  s a m e  w a y ,  b u t  w i t h o u t  VCM.  C y t o t o x i c i t y  w a s  d e t e r m i n e d  f r o m  t h e  p l a t i n g  effi-  
c i e n c y  a n d  is e x p r e s s e d  as p e r c e n t a g e  o f  p l a t i n g  e f f i c i e n c y  in  c o n t r o l s .  M u t a t i o n  f r e q u e n c y  is e x p r e s s e d  as 
t h e  n u m b e r  o f  r e s i s t a n t  c o l o n i e s  p e r  105  su rv ivors ,  t a k i n g  i n t o  a c c o u n t  t h e  n u m b e r  o f  cel ls  p l a t e d  a n d  t h e  



p l a t i n g  e f f i c i e n c y .  Bars :  SE.  
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caused a decrease in plating efficiency o f  about 50%; and 15-h incubation in 
agar suspension caused only slight toxicity. VCM induced cytotoxicity and 
mutagenicity when added in liquid suspension or in agar suspension. The time 
courses of  mutation induction were much more gradual in agar suspension than 
in liquid incubation: with liquid incubation, the highest mutation frequencies 
were observed at 5 h and were followed by a sharp decline; whereas with agar 
suspension, mutation frequencies reached almost a plateau after 5 h, suggesting 
that microsomal enzymes are stabilized in this suspension, as reported by 
Malaveille et al. [25] .  In both the agar and liquid incubations, the highest 
number of  resistant colonies per l 0  s survivors was about 30 for AZA r and 3 for 
OUA r, obtained at 5 h in liquid incubation and at 10--15 h in agar incubation. 
Consequently, incubation for 5 h in a liquid reaction mixture was chosen for 
the following experiments. 



VCM induced dose-related mutations and toxicity when given at~concentra- 
tions of between 5 and 30% (v/v) in air (Fig. 2). With a concentration of  30% 
(v/v), mutation irequencies were 10--20 times that of  the spontaneous back- 
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CONCENTRATION OF VCM [% in air] 
Fig. 2. VCM-induced c y t o t o x l c i t y  and mutagenic i ty  in V 7 9  cells as a funct ion  of  concentra t ion  o f  VCM in 
air (%, v/v). e, comple te  react ion  mixture  conta in ing  $ 1 5  l iver fract ion from phenobarbitone-pre- tzeated 
rats plus  cofactors ,  o,  react ion mix ture  containing n o  $15 .  C y t o t o x i c l t y  and m u t a t i o n  frequency  are 
expressed as deserlbed in the  legend to  Fig. 1. 
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ground: 51 AZA r and 4 0 U A  r colonies were obtained per 10 s survivors. 
Neither toxici ty nor mutat ion was induced when the $15 fraction was omitted 
from the reaction mixture (Fig. 2). 



Mutagenicity of VDC 
The mutagenicity of  VDC in V79 Chinese hamster cells was tested by 



exposing them to 2.0 and 10.0% of  the vapour in air for 5 h in reaction mixture 
containing $15 fraction of  liver from phenobarbitone-pre-treated rats and mice. 
S15 fraction from mice was used because VDC was mutagenic in S. typhimu- 
rium only when tested with mouse-liver homogenate and was almost inactive 
when tested with liver homogenate from rats [6], although VDC has been 
shown to be carcinogenic in both species [15]. These results are summarized 
in Table 1. A dose-related toxici ty was induced when cells were incubated in 
reaction mixture containing S15 fraction from rat liver plus cofactors, but  VDC 
was not  toxic with the $15 fraction from mouse liver; this suggests that  a toxic 
metabolite(s) was formed by rat microsomal enzymes. However, no increase in 
the appearance of AZA r and OUA r colonies was observed after incubation in 
the presence of  liver S15 fraction from either rats or mice. 



Mutagenicity of chloroprene 
V79 cells were exposed to 0.2, 1.0, 2.0 and 10% (v/v) chloroprene vapour in 



air for 5 h in reaction mixture containing S15 fraction of  livers from pheno- 
barbitone-pre-treated rats, plus cofactors. The results are summarized in Table 
2. Chloroprene was toxic to the cells, in the absence of  a metabolic activation 
system, at concentrations of  more than 1%. This toxic effect could be a direct 
action of  chloroprene or that  of  one of its enzymic (from the V79 cells) or 
non-enzymic breakdown products. An enhanced toxic response was observed 
when the cells were incubated with $15 fraction plus cofactors; this suggests 



T A B L E  1 



C Y T O T O X I C I T Y  A N D  M U T A G E N I C I T Y  O F  V D C  I N  V 7 9  C H I N E S E  H A M S T E R  C E L L S  IN  T H E  P R E S -  
E N C E  O F  P O S T - M I T O C H O N D R I A L  F R A C T I O N  ( $ 1 5 )  O F  L I V E R  F R O M  P H E N O B A R B I T O N E - P R E -  
T R E A T E D  R A T S  A N D  MICE 



C o n c e n t r a t i o n  I n c u b a t i o n  C y t o t o x i c i t y  a Mutagen ic i ty  b 
in  air  (%) 



A Z A  r O U A  r 



0 c o m p l e t e ,  w i th  ra t  S15  63 .0  4 .5  0 .4  



2.0 15 .3  4 .2  0 
10.0  2.3 0 0 



0 c o m p l e t e ,  w i th  m o u s e  $ 1 5  68 .3  6.4 0 .4  



2.0 61 .3  3.1 0 



10 .0  64 .4  3.9 0 .2  



0 m i n u s  $ 1 5  62 .8  1.0 0 .4  



2.0 49 .5  3 .8  0.3 
10 .0  60 .3  2.1 0 .6  



a E x p r e s s e d  as plat ing e f f i c i e n c y :  the  p e r c e n t a g e  o f  cel ls  that  f o r m e d  c o l o n i e s .  
b M u t a t i o n  f r e q u e n c y  is e x p r e s s e d  as the  n u m b e r  o f  res istant  c o l o n i e s  per  105 



cel l s  p lated and plat ing e f f i c i e n c y  be ing  t a k e n  in to  a c c o u n t .  
survivors,  the  n u m b e r  o f  
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T A B L E  2 



C Y T O T O X I C I T Y  A N D  M U T A G E N I C I T Y  OF C H L O R O P R E N E  IN V7 9  C H I N E S E  H A M S T E R  CELLS  
IN T H E  P R E S E N C E  OF P O S T - M I T O C H O N D R I A L  F R A C T I O N  ( $ 1 5 )  OF  L I V E R  F R O M  P H E N O B A R -  



B I T O N E - P R E - T R E A T E D  R A T S  a 



C o n c e n t r a t i o n  I n c u b a t i o n  C y t o t o x i c i t y  b Mutagenic i ty  c 
in air (%) 



A Z A  r O U A  r 



0 c o m p l e t e  64 .5  2.9 0.8 
0 .2  26 .8  2.6 1.4 
1.0 0 0 0 
2.0 0 0 0 



I0.0 0 "0 0 



0 m i n us  co fac to r s  31.3 2.1 0.8 
0 .2  23 .8  7.9 1.0 
1.0 9.0 7.7 0 
2.0 8.8 0 0 



10 .0  0 0 0 



a The results  o f  t w o  i n d e p e n d e n t  e x p e r i m e n t s  are c o m b i n e d :  c h lo ro prene  was  t e s t ed  at 0, 0 .2  an d  1.0% in 
Exp t .  I and at 0, 2.0 and  10.0% in Exp t .  I I .  Values  for  con t ro l s  (0%) are t a k e n  f r o m  Exp t .  I, a l though  
s imilar values  w e r e  o b t a i n e d  in Expt .  I I .  



b Expressed  as plat ing e f f i c i e n c y :  the  percentage  of  cells t ha t  f o r m e d  colonies .  
c Mutat ion  f r e q u e n c y  is e x p r e s s e d  as the  n u m b e r  o f  res istant  c o l o n i e s  per 105  survivors,  the  n u m b e r  of  



cells p l a t ed  and plat ing e f f i c i e n c y  be ing  t a k e n  i n t o  accoun t .  



enzymic formation of  a toxic  metabolite(s) from chloroprene. However, no 
mutations,  in terms of  AZA r and OUA r, were induced by this compound  in the 
presence or absence of  metabolic activation systems. 



Discussion 



Table 3 summarizes the data on the carcinogenicity of  VCM, VDC and 
chloroprene in man and experimental animals, taken from the IARC Mono- 
graphs [15] ,  and juxtaposes these with data on mutagenicity in S. typhimurium 
and, from the present study, with that in V79 Chinese hamster cells. VCM has 
been shown to be carcinogenic in man as well as in experimental animals: it 
produced tumours at different sites, including angiosarcomas of  the liver, when 
tested by the oral route or inhalation exposure in rats, mice and hamsters. 



T A B L E  3 



SUMMARY OF DATA ON CARCINOGENICITY AND MUTAGENICITY OF VCM, VDC AND CHLO- 



ROPRENE 



C o m p o u n d  Ev idence  of  Ev idence  of  
carc in oge n ic i ty  a in m u t a g e n i c i t y  in 



Man .Animals  S. typhimurium V7 9  



VCM + + + + 
VDC ? -+ + - -  
Ch lo roprene  - -  ? + - -  



a Carc inogen ic i ty  data  are t a k e n  f r o m  I A R C  M onogra ph  Vol.  19 [ 1 5 ] .  See  t e x t  for  detai ls .  
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Epidemiological studies have shown that  exposure to VCM results in an 
increased carcinogenic risk to man, involving liver, brain, lung and the 
lymphato-haemapoiet ic  system. The data in experimental animals, also indicative 
of  a carcinogenic effect  of  VDC, are inadequate to allow an evaluation of  the 
carcinogenicity of  VDC or chloroprene. Occupational exposures to chloroprene 
have, however,  been reported to be associated with a variety of  toxicological 
effects, including chromosomal  aberrations among exposed workers. In one 
s tudy,  an excess of  lung and skin cancers was related to occupational  exposure 
to chloroprene. These observations raise the possibility that  chloroprene is a 
human carcinogen. 



The present s tudy confirms previous results on the mutagenicity of  VCM in 
S. typhimurium [1,5,10,24,26,28] ,  Escherichia coli K12 [11],  Schizosaccharo- 
myces pombe [22],  Saccharomyces cerevisiae [22] and Drosophila melanogaster 
[23,30] .  This subject has been reviewed by  Bartsch and Montesano [7],  
Bartsch et  al. [4],  Fishbein [9] and the IARC Monograph [15].  Recently,  
Styles [29] reported VCM-induced transformation in BHK-21 cells in the 
presence of  a microsome preparation. Although VCM induced mutat ions in S. 
typhimurium in the absence of  a metabolic activation system, a much higher 
mutagenic response was observed when a 9000 X g supernatant from rat liver 
was added [1,5,26].  Pre-treatment of  rats with phenobarbi tone  increased the 
mutat ion rate over that  with a fraction from untreated rats [5,24].  Mutations 
have also been observed in the presence of  liver homogenates from mice [5,10, 
22,24] and from human biopsies [5,24] as well as in the host-mediated assay in 
mice [22].  These results, together with those from the present study,  indicate 
enzymic formation of  a mutagenic metabolite(s) from VCM. 



Among the possible metaboli tes that  have been tested, chloroethylene oxide, 
an obligatory epoxide in metabolism by microsomal mixed-function oxidases, 
was the strongest mutagen in V79 Chinese hamster cells [12] as well as in 
microbial assays [14,21,24,27] ; chloroacetaldehyde was mutagenic [5,12,21,24,  
26,27] ,  bu t  chloroacetic acid was not  mutagenic, in such assays [5,12,24,26, 
27].  The above data strongly suggest that  chloroethylene oxide is the metabo- 
lite of  VCM that  is principally responsible for the various adverse biological 
effects of  the parent  compound.  VDC and chloroprene may fol low a metabolic 
pa thway similar to that  o f  VCM [2,16].  



VDC and chloroprene have been shown to be mutagenic in microbial assays: 
VDC produced reverse mutat ions in S. typhimurium and in E. coli in the pres- 
ence of  a metabolic activation system [6,11];  chloroprene induced reverse muta- 
tions in S. typhimurium in the absence of  metabolic activation, bu t  an increased 
mutagenic response was observed when liver homogenate  from mice was added 
to such assays [6]. In Drosophila, recessive lethal mutat ions were induced by 
feeding male flies with chloroprene [31].  In V79 Chinese hamster cells, how- 
ever, these two chemicals induced a dose-related toxici ty in the presence of  
liver S15 fraction from phenobarbitone-pre-treated rats but  were not  mutagenic 
within the constraints of  the present assay conditions. This suggests that  there 
is at least enzymic formation of  toxic metaboli tes from VDC and chloroprene 
by microsomal enzymes. 
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Chemical Mutagenesis Testing in Drosophila. X. Results of 70 Coded 
Chemicals Tested for the National Toxicology Program 



P. Fourernan, J.M. Mason, R. Valencia, and S. Zirnrnering 
Department of Zoology, University of Wisconsin, Madison (P.F., R.V.); Laboratory of Genetics, National 
Institute of Environmental Health Sciences, Research Triangle Park, North Carolina (J.M.M.); Division of 



Biology and Medicine, Brown University, Providence, Rhode Island (S.Z.) 



Seventy chemicals were tested for the ability to genic in the SLRL assay: 3-chloro-2-methylpro- 
induce sex-linked recessive lethal (SLRL) muta- pene, 3-(chloromethyl)pyridine HCI, dimethyl- 
tions in postmeioticand meiotic germ cells of male carbamoyl chloride, HC blue 1,3-iodo-l,2- 
Drosophila melanogaster. As in the previous stud- propanediol, malaoxon, N,N’-methylene-bis- 
ies in this series, adult feeding was chosen as the acrylamide, 4,4‘-methylenedianiline 2HCI, zirarn, 
first route of administration. If the compound cis-dichlorodiaminoplatinum II, 1,2-dibromo- 
failed to induce mutations by this route, injection ethane, dibromomannitol, 1,2-epoxypropane, 
exposure was used. Two chemicals, n-butane and glycidol, myleran, and toluene diisocyanate. 
propylene, were gaseous and therefore tested The last seven also induced reciprocal translo- 
only by inhalation. One chemical (dimethylcar- cations. A comparison of the results from the 
bamoyl chloride) was tested only by injection. SLRL assay with other assays for mutagens and 
Those chemicals that were mutagenic in the SLRL carcinogens suggests that the SLRL assay is 
assay were further tested for the ability to induce highly specific, but poorly sensitive, both for mu- 
reciprocal translocations. tagens and potential carcinogens. 



Sixteen of the 70 chemicals tested were muta- o 1994Wiley-Liss, Inc: 



Key words: sex-linked recessive lethal, translocation, Drosophila melanogaster, mutagen 



INTRODUCTION 



This is the final report in the series of Drosophilu mu- 
tagenesis studies conducted under the auspices of the Na- 
tional Toxicology Program [Zeiger, 19831. Previous reports 
described results from a total of 218 chemicals tested in the 
sex-linked recessive lethal (SLRL) test following adult male 
exposure [Valencia et al., 1985; Woodruff et al., 1985; 
Yoon et al., 1985; Zimmering et al., 1985; Foureman et al., 
19931 and 30 compounds following larval exposure [Valen- 
cia et al., 1989; Zimmering et al., 19891. The work described 
here details results obtained from an additional 70 compounds 
tested using the SLRL assay following exposure of Drosophila 
melanogaster adult males. Those agents that gave positive 
results were retested using the reciprocal translocation assay. 
These tests were conducted in two different laboratories. As 
noted previously, the controls for these assays are comparable 
among laboratories when the same protocol is used [Woodruff 
et al., 19841 and are constant over time when Basc tester 
females are used [Mason et al., 19851. When a chemical has 
been tested more than once under different codes, the mutant 
frequencies in the treated series have been comparable [Wood- 
ruff et al., 1985; Mason et al., 19921. 



MATERIALS AND METHODS 
Table 1 lists CAS registry number, source. purity, solvent used, and the 



lab in which testing was performed for each chemical compound. Figure I 
shows the structure for each chemical. 



0 1994 Wiley-Liss, Inc. *This article i s  a US Government 
work and, as such, is  in the public domain in the United States 
of America. 



Stocks 



Separate Canton4 and Bosr stocks were maintained at Brown University 
and the University of Wisconsin. Males to be exposed were collected from 
the Canton-S stocks. The Basc stocks supplied the balancer X-chromo- 
some. P, females used in the SLRL test were collected as virgins from this 
stock. For reciprocal translocation tests, virgin females were collected from 
stocks marked with bw; st p p .  For a description of genetic symbols, see 
Lindsley and Zimm [ 19921. 



Preliminary Testing 



Chemicals were received coded from the NTP chemical repository. 
Solubility was determined by testing first in distilled water. If the chemical 
was not sufficiently soluble in distilled water, other solvents were tested in 
the following order of preference: ethanol, polysorbate, dimethyl sulfoxide 
(DMSO), rapeseed oil, or a mixture of these. In feeding exposures, palat- 
ability was noted based on feeding behavior and the presence of “fly 
specks” on the exposure vial. 



Toxicity tests were run on a series of exposures and, if possible, an 
exposure level was chosen that resulted in -30% mortality after 72 hr of 
feeding or 24 hr after injections or inhalation. 



Exposure Routes 



All nongaseous compounds were first tested by feeding exposure. Two 
or three glass fiber filter discs were saturated with the compound carried in 



Received August 13, 1993: revised and accepted October 18, 1993. 



Address reprint requests to J.M. Mason, Laboratory of Genetics, NIEHS, 
Research Triangle Park, NC 27709-2233. 
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Fig. 1. Structural formulae of the 70 tested compounds described in Table I. 
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Fig. 1. Continued. 
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in Table 111. Table IV presents a summary of the results 
obtained from the 70 chemicals tested. 



Sixteen of the 70 chemicals were found to be mutagenic in 
the SLRL assay. Fifteen of these were tested and found to be 
mutagenic following a feeding exposure. The other one, 
dimethylcarbamoyl chloride, was tested by injection only 
because the appropriate solvent, rapeseed oil, is too sticky to 
allow successful feeding exposures. Of the 15 chemicals 
mutagenic when tested by feeding, four (4,4’-methylenedi- 
aniline 2HC1, 3-(chloromethyl) pyridine HCI, HC blue 1, 
and malaoxon) were also tested following injection. They 
were retested because of a low positive (<0.25% lethal 
frequency) response in the feeding exposure. None of the 
four gave a mutagenic response when injected. These four 
chemicals were also negative in the reciprocal translocation 
test. The remaining 11 chemicals were tested by feeding 
exposure only. Seven of these also induced reciprocal trans- 
locations, These were cis-dichlorodiaminoplatinum 11, 1,2- 
dibromoethane, dibromomannitol, 1,2-epoxypropane, glyc- 
idol, myleran, toluene diisocyanate. In addition, one 
translocation was recovered among 6,138 tests following 
exposure to 3-chloro-2-methylpropene, one translocation 
among 5,946 tests following exposure to 3-iodo- 1,2-pro- 
panediol, and one translocation among 5,559 tests following 
exposure to N,N’-methylene-bis-acrylamide. A single trans- 
location in one of these assays does not represent a signifi- 
cant increase in the frequency of reciprocal translocations. 



Two chemicals, melamine and quinoline sulfate, were 
judged to be equivocal in the SLRL test following feeding 
exposure. Both gave negative results following exposure by 
injection. 



Fifteen of the 70 chemicals assayed in this study had been 
previously studied. Eight of these were included in the U.S. 
Environmental Protection Agency Gene-Tox report on 
SLRL mutations in Drosophila rnelunoguster [Lee et al., 
19831. Among the chemicals covered in that review, four 
were judged by Gene-Tox to be mutagenic. Three of these, 
1,2-epoxypropane, ethylene bromide, and myleran, were 
mutagenic in our study. The fourth, 2-chloro-l,3-butadiene, 
was not mutagenic in our study. 



It is not clear why the results on the latter chemical dis- 
agree. Comparison of our data with the original reports 
[Vogel, 1976, 19791 raises a number of possibilities. First, 
the batch of chemical we received is reported by the vendor 
as being 50% pure (Table I), whereas Vogel (1979) tested 
two batches of 99% and >99.7% purity. Second, it is well 
known that the genotypes of the parents influence the mutant 
frequency after chemical treatment. Vogel used Berlin-K 
males; we used Canton S.  Although both studies used Basc 
females, the two lines have been separated for several years, 
and mutant frequencies can drift dramatically in a few years 
[Mason et al., 19851. Third, the initial study [Vogel, 19761 
reported a mutant frequency of 1%, whereas the latter report 
from the same laboratory [Vogel, 19791 does not find mu- 
tant frequencies nearly that high, even at similar and higher 



a 5% sucrose solution (or other control solution) at the bottom of a 
standard glass vial. Solutions were renewed at 24 hr and 48 hr. After 72 hr 
of exposure, surviving males were mated. If feeding exposures were found 
to be nonmutagenic, 2-3-day-old Canton-S males were injected with 0.7% 
NaCl solution containing the test chemical. At 24 hr postinjection, toxicity 
was noted and survivors were mated. Concurrent control males were treated 
with the solution used to dissolve the test chemical. 



Test Procedure 



For the SLRL test. each male was mated individually to three Bmc virgin 
females, then transferred to fresh Bnsc virgin females every 2 to 3 days to 
make a total of three broods. To reduce the probability of recovering 
multiple lethals from one male, no more than 100 F, females were mated 
over the three broods from any P I  male. F, cultures were scored as pre- 
sumptive lethals if the number of wild-type males was 0, 1, or <5% of the 
number of Busc males (or Bast/+ females). All putative lethals were 
confirmed through an additional generation. 



If the SLRL test performed after a feeding exposure gave a negative 
result, additional tests were made using an injection exposure. If these, too, 
gave a negative result. the compound was considered to be nonmutagenic. 
If the initial feeding exposure or the subsequent injection exposure pro- 
duced a mutagenic response, a reciprocal translocation test was initiated 
using the appropriate exposure method and concentrating on the brood that 
proved to be the most sensitive in the SLRL test. In the reciprocal translo- 
cation assay, Canton-S males were mated en masse (10 males and 20 
females per vial) to bw; 51 pp virgin females for 3 days. Fertilized females 
were kept on regular culture medium and transferred every 3 4  days for as 
long as they produced eggs. 



Statistics 



For the SLRL assay, a minimum of -5,000 chromosomes was scored 
from each of the treated and concurrent control groups unless the mutant 
frequency exceeded 1%. If two or more lethals were recovered among the 
progeny of one male, a Poisson analysis [Owen, 19621 was performed to 
determine if these were part of a “cluster.” (A cluster is defined as a group 
of mutated sperm cells derived from a single mutational event occurring in a 
spermatogonial cell.) Clusters must be spontaneous in origin, because only 
meiotic and postmeiotic stages of spermatogenesis were treated. Therefore, 
in those cases in which a male was determined to have produced a cluster, 
the lethal and nonlethal tests for that PI male were removed from the data. 
The corrected treated and control data were compared using a normal 
approximation to the binomial distribution, as suggested by Margolin et al. 
[ 19831. In addition, the treated data were compared to the historical control 
as described by Mason et al. [1992]. For a compound to be considered 
mutagenic, the mutant frequency in the treated series (treated frequency) 
must exceed 0.15% with a P value of <O.OS, or the treated frequency must 
exceed 0.10% with a P value of <0.01. If the treated frequency is between 
0.10% and 0. I S 4  and the P value is between 0. I and 0.01, or if the treated 
frequency is higher than 0.15% and the P value is between 0. I and 0.05, 
the result is considered equivocal. All other results are considered negative. 



Translocation data for each treated sample were compared to the histori- 
cal control data for that laboratory using a conditional binomial test [Kas- 
tenbaum and Bowman, 19701. As a rule, at least two translocations are 
required among -5,000 tests in the treated series for a compound to be 
considered positive. As a comparison. the combined historical transloca- 
tion rate for three laboratories, including 33,783 new tests, is 4/149,946 
(0.0027%). 



RESULTS AND DISCUSSION 



The results of the SLRL assays are listed in Table 11. 
Results of the reciprocal translocation assays are presented 
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TABLE II. Results of the Sex-Linked Recessive Lethal Assav on Coded Chemicals 



Dose ROA 



Acid orange 10 
50,000 feeding 



25,000 injection 
0 



0 
Acid red 14 



50,000 feeding 



10,000 injection 
0 



0 
Acrylamidea 



50 feeding 
0 



0 
2,500 injection 



Benzene 
50,000 feeding 



50,000 injection 
0 



0 
Benzoinb 



100 feeding 



100 injection 
0 



0 
Benzyl acetate' 



300 feeding 
0 



0 
20,000 injection 



Benzyl alcohold 
5,000 feeding 



8,000 injection 
0 



0 
Bisphenol A 



10,000 feeding 
0 



n-Butane 
350.000 inhalation 



0 
n-Butyl acrylate 



1,800 feeding 



1,800 injection 
0 



0 
4-Butyrolactone 



20,000 feeding 



28,000 feeding 



15,000 injection 



0 



0 



0 
Carbon tetrachloride 



0 



0 



25,000 feeding 



2,000 injection 



Chlorendic acid' 
15,000 injection 



2,000 injection 
0 



n 



Percent Percent 
mortality sterility 



8 0 



24 0 



0 0 



10 1 



0 5 



14 3 



2 0 



0 0 



0 6 



6 0 



2 0 



23 17 



24 0 



17 0 



1 0 



7 45 



53 13 



14 6 



20 13 



38 2 



26 13 



5 11 



9 5 



0 0 



1.5 4 



- 



Br I 
- 



0 
0 
5 
2 



0 
0 
6 
2 



2 
0 
3 
2 



1 
3 
0 
0 



1 
1 
5 
1 



I 
2 
2 
1 



1 
3 
6 
2 



0 
3 



4 
2 



2 
4 
4 
0 



0 
0 
2 
I 
0 
0 



3 
0 
3 
3 



3 
I 
6 
n 



Lethals - 



- 
Br 2 



~ 



3 
1 
4 
3 



0 
1 
0 
3 



1 
4 
3 
5 



2 
0 
2 
2 



2 
4 
1 
2 



4 
4 
6 
8 



2 
2 
4 
2 



0 
0 



8 
6 



I 1  
2 
2 
0 



1 
1 
0 
1 
1 
1 



I 
0 
2 
2 



I 
3 
2 
3 



Br 3 
~ 



1 
3 
1 
3 



2 
3 
2 
3 



2 
3 
7 
4 



4 
I 
3 
1 



1 
2 
0 
0 



12 
4 
6 
4 



2 
2 
I 
2 



0 
1 



0 
5 



6 
10 
3 
6 



1 
0 
0 
0 
0 
I 



1 
3 
2 
3 



I 
1 
0 
3 



Tests 



Br 1 
~ 



2,388 
1,95 1 
2.460 
2.832 



2.134 
1,828 
2,743 
2,832 



2.985 
2, I04 
2.593 
2,465 



1,941 
1,953 
1,944 
1,962 



2.447 
2,38 1 
2,363 
2,433 



3.303 
3.255 
1,814 
2,053 



2,109 
2,234 
2,541 
1,861 



2,008 
1,953 



2.490 
2,376 



2,009 
1,934 
1.972 
1,999 



427 
32 I 



1,491 
1,799 
2,156 
1,960 



2,658 
2,906 
2,438 
2,543 



2,006 
1.679 
2,960 



Br 2 
~ 



2.041 
1,825 
2,636 
2,229 



1,592 
1,694 
2.278 
2,229 



1,386 
1,958 
1,390 
2.142 



1,938 
2,068 
2,013 
1,979 



2.230 
2,235 
1,854 
1,950 



3,317 
2,783 
1,605 
1,711 



1,705 
1,424 
1.606 
1,725 



2,026 
2,068 



2.085 
2,215 



1,935 
2,128 
1.353 
1,821 



41 1 
299 



1,405 
1,548 
1,634 
1,671 



2.176 
2,376 
2,250 
1,500 



1,560 
I .292 
1,415 



Br 3 



2,193 
1,782 
2,408 
1,901 



1,622 
1,723 
1,882 
1,901 



96 1 
1,972 
2,098 
1,980 



1,958 
1,982 
2,001 
2,016 



1.752 
2,055 
1,870 
1,894 



3,232 
2,865 
1,398 
1,897 



1.777 
1,463 
1,268 
1.459 



1.998 
1.982 



1,702 
2,297 



1,747 
2,046 
1.403 
1.81 1 



311 
227 



1,270 
1,322 
1,156 
1,400 



2.074 
2,433 
1,663 
1.428 



I ,85 1 
1,606 
1,483 
I .656 



Total 
lethals 



4 
4 



10 
8 



2 
4 
8 
8 



5 
7 



13 
11 



7 
4 
5 
3 



4 
7 
6 
3 



17 
10 
14 
13 



5 
7 



11 
6 



0 
4 



12 
13 



19 
16 
9 
6 



2 
1 
2 
2 
1 
2 



5 
3 
7 
8 



5 
5 
8 
6 



Total 
tests 



~ 



6,622 
5,558 
7,504 
6,962 



5,348 
5,245 
6,903 
6,962 



5,332 
6.034 
6,08 I 
6,587 



5,837 
6,003 
5,958 
5,957 



6,429 
6,671 
6,087 
6,277 



9,852 
8,903 
4,817 
5,661 



5,591 
5,121 
5,415 
5,045 



6,032 
6,003 



6,277 
6,888 



5,691 
6,108 
4,728 
5,631 



I ,  149 
847 



4, I66 
4,669 
4.946 
5,03 1 



6,908 
7,715 
6,351 
5,47 1 



5,417 
4,577 
5,858 
5.765 



Percent 
lethals 



0.06 
0.07 
0.13 
0.11 



0.04 
0.08 
0.12 
0.11 



0.09 
0.12 
0.21 
0.17 



0.12 
0.07 
0.08 
0.05 



0.06 
0.10 
0.10 
0.05 



0.17 
0.11 
0.29 
0.23 



0.09 
0.14 
0.20 
0.12 



0.00 
0.07 



0.19 
0.19 



0.33 
0.26 
0.19 
0.11 



0. I7 
0.12 
0.05 
0.04 
0.02 
0.04 



0.07 
0.04 
0.11 
0.15 



0.09 
0.11 
0.14 
0.10 - . 2,499 1,610 , 
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TABLE 11. Results of the Sex-Linked Recessive Lethal Assay on Coded Chemicals (continued) 



Total Total Percent 
Dose ROA mortalitv sterilitv Br 1 Br 2 Br 3 Br I Br 2 Br 3 lethals tests lethals 



Lethals Tests Percent Percent 



Chlorobenzene‘ 
500 feeding 8 



0 



0 
1.500 injection 8 



2-Chloro- 1,3-butadiene 
1,800 feeding 24 



1,800 injection 16 
0 



0 
Chlorodibroinomethane‘ 



1,500 feeding 21 



2.000 injection 1 
0 



0 
3-Chloro-2-methy lpropene 



4,500 feeding 16 
0 



2-(Chloromethyl)pyridine HC1 
45 feeding 2 
0 



0 
2,800 injection 31 



3-(Chloroniethyl)pyridine HCI 
20 feeding 0 



1,100 injection 4 



5,000 feeding 2 



2,000 injection 9 



40 feeding 1 



2,500 feeding 0 



0 



0 
Cinnamyl anthranilateg 



0 



0 
cis-Dichlorodiaminoplatinum I1 (Platinol) 



0 
D&C red 9’ 



0 



0 
1,000 injection 15 



2,6-Diaminotoluene 2HCI’ 
5.000 feeding 2 



5,000 injection 11 
0 



0 
1,2-Dibromoethane (Ethylene dibromide) 



25 feeding 14 
0 



Dibromomannitol 



0 
1,000 feeding 0 



5,000 feeding 7 



1 .OOO injection 1 1  



2,500 injection 22 



2,6-Dichloro-p-phenylenediamine’ 



0 



0 
Dimethylcarbamoyl chloridek 



0 



13 2 3 9 
1 4 4 



4 0 0 0 
2 I 0 



2,757 
2,290 
2,125 
1,977 



2.102 
1.850 
1,818 
1.943 



2,411 
2,035 
1,398 
1.815 



14 
9 
0 
3 



7,270 0.19 
6,175 0.15 
5,341 0.00 
5,735 0.05 



0 5 6 9 
4 2 10 



2 5 1 0 
1 0 8 



2,021 
1,934 
2,47 1 
2.1 15 



1,996 
2,128 
1,587 
1.720 



1,903 
2.046 
1,374 
1,895 



20 
16 
6 
9 



5,920 0.34 
6,108 0.26 
5,432 0.11 
5,730 0.16 



8 3 0 6 
1 4 4 



13 0 2 1 
1 0 1 



2,569 
2,290 
2,226 
2,078 



2,002 
1,850 
2.226 
2,105 



2,135 
2,035 
1,784 
I .676 



6,706 0.13 
6,175 0.15 
6,236 0.05 
5,859 0.03 



0 8 4 6 
0 3 I 



2,420 
2.452 



1,562 
2,221 



2,010 
1,954 



18 
4 



5,992 0.30 
6,627 0.06 



1,723 
I .930 
2,202 
1.908 



8 1 3 1 
I 4 1 



20 1 0 I 
2 1 0 



1,985 
2,530 
1,848 
1,888 



1.853 
1,453 
1,414 
1.736 



5,561 0.09 
5,913 0.10 
5,464 0.04 
5,532 0.05 



0 5 1 3 
1 1 1 



9 0 1 1 
1 1 1 



1.870 
1.941 
1,618 
1,897 



2,128 
2,352 
2,265 
I .874 



1,783 
1,502 
1,610 
1,798 



5,781 0.16 
5,795 0.05 
5,493 0.04 
5,569 0.05 



0 1 2 2 
I I 0 



0 3 5 0 
3 2 1 



2,007 
1,734 
2,471 
2,150 



1,652 
1,383 
1,925 
2.007 



1,427 
1,118 
1,944 
1,762 



5,086 0.10 
4,235 0.05 
6,340 0.13 
5.919 0.10 



4 39 47 12 
1 2 1 



726 
349 



632 
1,023 



188 
748 



98 
4 



1,546 6.34 
2.120 0.19 



0 3 3 0 
2 2 I 



4 2 3 3 
4 1 0 



2,860 
2,691 
2,214 
2.045 



1,608 
1,616 
1,449 
1,475 



2. I85 
2.262 
1,592 
1 .933 



6,653 0.09 
6,569 0.08 
5,255 0.15 
5.453 0.09 



13 4 3 1 
0 5 2 



3 6 8 9 
6 7 4 



3,077 
2,242 
3,672 
4,079 



460 
59 1 



2,587 
2,043 
3,700 
3,422 



2,427 
1,748 
3,348 
2,887 



8 
7 



23 
17 



8,091 0.10 
6,033 0.12 



10,720 0.21 
10,388 0.16 



26 1 4 24 
0 2 1 



5 20 
77 1 



404 
669 



29 
3 



1,384 2.10 
2,031 0.15 



3 36 41 43 
1 0 0 



626 
949 



463 
927 



378 
988 



120 
1 



1,467 8.18 
2.864 0.03 



0 1 0 I 
0 3 1 



0 3 4 4 
I 0 8 



2,423 
2,452 
2,151 
2,1 I5 



2,096 
2,221 
1,835 
I .720 



1,919 
1,954 
1,794 
1.895 



2 
4 



1 1  
9 



6,438 0.03 
6,627 0.06 
5,780 0.19 
5.730 0.16 



1,463 
1,952 



46 
1 



5,942 0.77 
6.175 0.02 



2,274 
2,063 



2,205 
2, I60 



(continued) 
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TABLE 11. Results of the Sex-Linked Recessive Lethal Assay on Coded Chemicals (continued) 



Percent Percent Lethals Tests 
Dose ROA mortality sterility Br 1 Bt  2 Br 3 Br 1 Br 2 Br 3 



N,N-Dimethylformamide 
40,000 feeding 



40,000 injection 



Dimethyl terephthalate' 
1,000 feeding 



0 



0 



0 



0 
Disperse yellow 3"' 



0 



0 



400 injection 



1,000 feeding 



500 injection 



Dodecyl alcohol, ethoxylated 
12,500 feeding 



0 



0 
1,2-Epoxypropane" 



0 



0 



2,000 injection 



1,000 feeding 



10,000 injection 



Formamide 
2,500 feeding 



5,000 feeding 



22,000 injection 



0 



0 



0 
Glycidol 



1,230 feeding 
0 



HC blue 1 



0 



0 



15,000 feeding 



10.000 injection 



HC blue 2" 
50,000 feeding 



20,000 injection 
0 



0 
8-Hydroxyquinoline 



0 



0 



0 



0 



0 
Iodinated glycerol 



0 



0 



150 feeding 



400 feeding 



500 feeding 



1,200 feeding 



2,900 injection 



20,000 feeding 



7,500 injection 



3-lodo- 1 ,2-propanediolP 
15,000 feeding 



n 



17 



19 



0 



3 



7 



2 



10 



14 



7 



0 



1 



0 



14 



0 



0 



14 



17 



7 



4 



76 



61 



6 



9 



18 



2 



15 



12 



0 



0 



0 



0 



1 



2 



0 



10 



1 



1 



0 



18 



35 



4 



0 



0 



0 



20 



46 



34 



0 



9 



4 



0 



2 



3 
4 
0 
1 



1 
0 
0 
I 



3 
2 
1 
2 



1 
3 
6 
2 



8 
0 



33 
1 



3 
5 
0 
0 
0 
2 



42 
1 



4 
2 
0 
1 



2 
0 
0 
1 



0 
0 
0 
2 
0 
0 
1 
0 
0 
0 



3 
1 
2 
0 



17 
1 



0 
1 
0 
2 



0 
1 
2 
2 



5 
4 
2 
0 



4 
1 
5 
3 



5 
0 



11 
1 



0 
1 
0 
1 
0 
2 



17 
5 



5 
1 
0 
1 



2 
I 
0 
1 



1 
0 
0 
0 
6 
3 
1 
I 
1 
0 



2 
2 
0 
2 



15 
1 - 



2 
2 
0 
4 



0 
1 
1 
1 



4 
4 
I 
0 



1 
4 
4 
3 



2 
1 
2 
0 



4 
3 
0 
0 
2 
4 



0 
2 



5 
2 
1 
0 



I 
0 
0 
0 



1 
0 
0 
0 
1 
0 
1 
0 
1 
0 



0 
1 
3 
2 



12 
R 



2,455 
2.373 
2,219 
1,969 



2,097 
1,966 
2,260 
2,312 



3,259 
3,112 
2,281 
2,341 



1,710 
1,754 
3,513 
2,832 



2,323 
2,280 
3,850 
3,011 



2.531 
3,134 



463 
321 



2,718 
3.080 



596 
974 



2,785 
2,936 
1,927 
2,082 



3,573 
3,444 
2,120 
2,082 



966 
955 
884 



1,489 
1,995 
2,328 



984 
1,014 
2,095 
1,952 



2,386 
2,089 
2,759 
3,293 



2,599 
- 2,051 



1,751 
2,110 
1,950 
1,530 



1,927 
1,876 
1,906 
1,775 



3,476 
3,070 
2,246 
2,126 



1,588 
1.75 I 
2,387 
2,229 



1,788 
1,862 



993 
1,146 



75 I 
2,695 



13 
299 



1,321 
2,204 



138 
975 



2,7Y 1 
2,834 
1,820 
1,994 



1,690 
1,83 1 
1,983 
1,994 



1,152 
982 
945 



1,114 
1,899 
3,107 



93 I 
965 



1,749 
1,924 



2,214 
1,998 
2.1 13 
2,714 



1,663 
2,091 __ 



855 
1,437 
1,536 
1.580 



1,615 
1,788 
1,889 
1.577 



2,529 
2,226 
2,024 
1,775 



1,699 
1,903 
2,344 
1,901 



1,862 
1,684 



509 
717 



1,294 
2,106 



215 
227 



1,127 
2,065 



6 
900 



2,646 
2,513 
1.289 
1,040 



987 
1,486 
1,593 
1,040 



615 
978 
433 
863 



1,260 
1,218 



928 
936 



1,683 
1,865 



1,673 
1,843 
1,840 
2,116 



1,368 
1,743 



Total 
lethals 



~ 



5 
7 
0 
7 



1 
2 
3 
4 



12 
10 
4 
2 



6 
8 



15 
8 



15 
I 



46 
2 



7 
9 
0 
1 
2 
8 



59 
8 



14 
5 
I 
2 



5 
1 
0 
2 



2 
0 
0 
2 
7 
3 
3 
I 
2 
0 



5 
4 
5 
4 



44 
10 



Total Percent 
tests lethals 



5,06 1 
5.920 
5,765 
5,079 



5,639 
5,630 
6,055 
5,664 



9,264 
8,408 
6.55 1 
6,242 



4,997 
5.408 
8,244 
6,962 



5,973 
5,826 
5,352 
4,874 



4,576 
7,935 



691 
847 



5,166 
7,349 



740 
2,849 



8.222 
8,283 
5,036 
5.1 I6 



6,250 
6,761 
5,696 
5,l I6 



2,733 
2.915 
2,262 
3,466 
5,154 
6,653 
2,843 
2.9 15 
5,527 
5,741 



6,273 
5,930 
6,7 I2 
8,123 



5,630 



0.10 
0.12 
0.00 
0.14 



0.02 
0.04 
0.05 
0.07 



0.13 
0.12 
0.06 
0.03 



0.12 
0.15 
0.18 
0.11 



0.25 
0.02 
0.86 
0.04 



0.15 
0.11 
0.00 
0.12 
0.04 
0.11 



7.97 
0.28 



0.17 
0.06 
0.02 
0.04 



0.08 
0.01 
0.00 
0.04 



0.07 
0.00 
0.00 
0.06 
0.14 
0.05 
0.11 
0.03 
0.04 
0.00 



0.08 
0.07 
0.07 
0.05 



0.78 
_ _  5,885 0.17 - 



(continued) 
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TABLE II. Results of the Sex-Linked Recessive Lethal Assay on Coded Chemicals (continued) 



Tests Total Percent 
tests lethals 



Percent 
Dose ROA mortalitv 



Total 
lethals 



Percent 
sterility Br 1 B r 2  Br 3 Br 1 Br 2 Br 3 



Isopentaneq 
26.000 feeding 8 



26,000 injection 26 
0 



0 
Isophorone 



0 



0 
Malaoxon' 



5 feeding 17 
0 



0 



2,000 feeding 15 



12.500 injection 47 



2 injection 33 



100,000 feeding 0 



100,000 injection 1 



1.000 feeding 0 



1,000 injection 1 



2,300 feeding 2 



2,500 feeding 0 



1,000 injection 9 



3.000 feeding 1 



3,000 hjection 0 



D-Mannitol 



0 



0 
Melamines 



0 



0 
6-Mercaptopurine monohydrate' 



0 



0 



0 
Methyl DOPA sesquihydrate" 



0 



0 
N,N'-Methylene-bis-acrylamide 



600 feeding 26 
0 



4,4'-Methylenedianiline 2HCl 
10,000 feeding 41 



0 



0 
Methyl methacrylate' 



0 



0 
Monuron" 



0 



0 



5,000 injection 5 



1,400 inhalation 53 



14.000 injection 14 



500 feeding 1 



500 injection 2 



1,000 feeding 1 



2,000 feeding 7 



250 injection 2 



M yleran" 



0 
4,4'-OxydianilineY 



0 



0 



1 4 6 5 
4 2 10 
I 1 1 
0 0 6 



2,173 
1,934 
1,920 
1,999 



2,227 
2,128 
1,424 
1,821 



1,983 
2,046 
1,162 
1,811 



15 
16 
3 
6 



6,383 0.23 
6,108 0.26 
4,506 0.07 
5,631 0.11 



18 



0 



0 



1 4 2 
4 4 3 
0 10 2 
0 8 2 



2,281 
2,184 
2,182 
1,855 



2,077 
1,852 
1,837 
2,013 



2,185 
2,087 
1,445 
1,887 



7 
11 
12 
10 



6,543 0.11 
6,123 0.18 
5,464 0.22 
5,755 0.17 



18 



10 



3 9 2 
0 3 0 
3 2 1 
5 4 2 



3,935 
3,425 
2,703 
2,707 



4,012 
3,437 
1,507 
1,943 



3,079 
2,678 
1.384 
1,965 



14 
3 
6 



11 



11,026 0.13 
9,540 0.03 



6,615 0.17 
5,594 0.11 



3 1 1 
0 0 0 
1 1 0 
0 1 1 



1,959 
1,924 
1,997 
2,264 



1,962 
1,952 
1,865 
1,651 



1,947 
1,895 
1,840 
1,645 



5.868 0.09 
5,771 0.00 
5,702 0.04 
5,560 0.04 



1 



0 



0 



0 



5 4 4 
3 3 1 
2 2 1 
4 1 0 



3,831 
3,912 
2,182 
2,045 



2,938 
3,067 
2,066 
1,933 



655 
876 



1,07 I 
872 



1,93 1 
1,970 



2,405 
2,575 
1,677 
1,475 



13 
7 
5 
5 



9,174 0.14 
9,554 0.07 
5,925 0.08 
5,453 0.09 



1 1 0 
1 4 0 
0 2 0 
1 2 3 
6 3 5 
4 2 5 



843 
1,113 
1,213 



932 
2,298 
2.313 



2 
5 
2 
6 



14 
11 



2,053 0.10 
2,362 0.21 
3.230 0.06 
2,543 0.24 
6,020 0.23 
6,162 0.18 



55 
373 
946 
739 



1,79 1 
I ,879 



5 



7 



2 2 0 
4 2 2 
6 3 0 
4 1 1 



2,258 
1,708 
2,736 
2,922 



2,651 
2,313 
1,303 
1,217 



2.067 
1,825 
1,780 
1,801 



6,976 0.06 
5,846 0.14 
5,819 0.15 
5,940 0.10 



34 19 4 4 
4 2 2 



2,602 
I .708 



1,953 
2,313 



939 
I .825 



21 
8 



5,494 0.49 
5,846 0.14 



5 



4 



10 6 6 
1 2 0 
4 2 1 
4 2 1 



4,413 
2,657 
3,187 
2,895 



3,469 
2,503 
1,988 
1.583 



2,146 
2,278 
1,806 
1.805 



22 
3 
7 
7 



10,028 0.22 
7,438 0.04 
6,981 0.10 
6,283 0.11 



0 



29 



0 1 0 
3 2 2 
2 4 1 
0 2 5 



1,956 
1,737 
2,431 
2.862 



1,949 
1,975 
1,604 
2,184 



1,463 
1,482 
1,730 
1.748 



5,368 0.02 
5,194 0.13 
5,765 0.12 
6,794 0.10 



0 



0 



0 0 0 
1 1 0 
4 3 1 
3 2 I 



1,891 
1,734 
2,082 
2.150 



1,333 
1,383 
2,064 
2.007 



1,496 
1.118 
1,929 
1 .I62 



4.720 0.00 
4,235 0.05 
6,075 0.13 
5,919 0.10 



0 20 24 22 
2 6 3 



1,995 
2,045 



1,90 1 
1,748 



1,374 
1,112 



66 
1 1  



5,270 1.25 
4,905 0.22 



3 



7 



0 2 2 
1 2 1 
2 2 5 
3 4 2 



2,185 
2,180 
2,640 
2,578 



2,074 
2,198 
1,955 
2,162 



6,132 0.07 
5,865 0.07 
6,291 0.14 
6,920 0.13 



(continued) 



1,873 
1,487 
1,696 
2, I80 
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TABLE 11. Results of the Sex-Linked Recessive Lethal Assay on Coded Chemicals (continued) 



Percent Percent ~ 



Dose ROA mortality sterility Br 1 



Pentachloroethanec 



0 



0 



300 feeding 



800 injection 



Polybrominated biphenyl 
1,000 feeding 



1,000 injection 
0 



0 
Propy lene 



0 
720,000 inhalation 



Pyridine 
730 feeding 



500 injection 
0 



0 
Quinoline sulfate 



300 feeding 



3,600 injection 
0 



0 
Reserpine" 



0 



0 
Selenium sulfide"" 



0 



0 
Solvent yellow 14bb 



0 



0 
Stannous chloride"' 



0 



0 



1,000 feeding 



1,000 injection 



10,000 feeding 



1,000 injeciton 



500 feeding 



200 injection 



6,500 feeding 



12,200 injection 



SuIfisoxazoledd 
1,000 feeding 



1,000 injection 



1 ,l ,l ,2-Tetrachloroethaneee 
1,000 feeding 



1,500 injeciton 



0 



0 



0 



0 
Titanium dioxide 



1,500 feeding 



5,680 injection 
0 



0 



15 



7 



3 



0 



2 



22 



4 



22 



20 



3 



10 



0 



0 



9 



6 



12 



34 



0 



5 



6 



15 



0 



20 



4 



1 



0 



0 



9 



0 



0 



1 



17 



4 



1 



3 



0 



9 



5 



10 



15 



0 



0 



0 



7 



0 



13 



Toluene diisocyanate (2,4 & 2,6 mixture)" 
15,000 feeding 5 8 



0 



3 
1 
1 
3 



2 
3 
4 
4 



3 
2 



1 
0 
4 
2 



0 
1 
0 
I 



3 
4 
3 
1 



4 
3 
2 
2 



6 
1 
0 
3 



3 
2 
1 
I 



2 
I 
1 
2 



0 
1 
4 
1 



1 
1 
2 
2 



6 
1 



Lethals 



Br 2 Br 3 
~ 



5 7 



3 
4 
0 
1 



7 
3 
1 
1 



I 
6 



0 
1 
1 
1 



5 
1 
2 
I 



2 
3 
3 
1 



0 
5 
3 
8 



2 
2 
0 
4 



1 
0 
0 
1 



2 
4 
0 
3 



5 
4 
4 
8 



2 
1 
2 
1 



10 



6 
4 
0 
0 



2 
1 
5 
0 



3 
5 



1 
6 
2 
0 



3 
0 
2 
1 



5 
3 
2 
4 



4 
2 
6 
3 



0 
1 
2 
2 



1 
1 
0 
2 



3 
2 
2 
4 



8 
4 
5 
2 



1 
0 
0 
0 



12 



Br 1 



2,599 
2,290 
2,247 
2,492 



3,719 
3,912 
2,832 
2,045 



2,371 
2,376 



1,724 
1,902 
1,916 
1,908 



1,943 
1,943 
2,131 
1,837 



2,427 
2,463 
2,171 
2,254 



2,416 
2,056 
2,248 
3,327 



2,958 
2,180 
2,917 
2,578 



2,211 
2,115 
1,744 
1,923 



2,342 
2,381 
2,435 
2,488 



2,187 
2,290 
2,426 
2,370 



1,972 
1,974 
1,825 
1,969 



2,006 



Total Tests 



Br 2 Br 3 lethals 



2,133 
1.850 
1,802 
2,144 



3,534 
3,067 
2,294 
1,933 



2,211 
2,215 



2,664 
2,541 
2,006 
1,933 



1,986 
1,868 
1,854 
1,925 



2,566 
2,521 
1,615 
1,855 



2,289 
2,239 
1,909 
2,428 



2,907 
2,198 
1,470 
2,162 



2,425 
2,482 
2,042 
1,925 



2,303 
2,235 
1,914 
2,177 



1,840 
1,850 
2,152 
2,214 



2,020 
2,101 
2,356 
2,118 



1,759 
1,980 1,870 



2,019 
2,035 
1,558 
1,512 



2,846 
2,575 
2,073 
1,475 



1,894 
2,297 



1,121 
1,413 
1,944 
1,921 



1,904 
1,935 
1,650 
1,843 



1,805 
1,780 
1,502 
1,778 



2,244 
2,081 
1,894 
2,307 



2,048 
1,487 
1,479 
2,180 



1,227 
1,886 
1,832 
1,925 



1,722 
2,055 
1,862 
1,901 



1.980 
2,035 
1,271 
1,584 



1,835 
1,744 
1,458 
1,602 



1,773 



12 
9 
1 
4 



1 1  
7 
10 
5 



13 
13 



2 
7 
7 
3 



8 
2 
4 
3 



10 
10 
8 
6 



8 
10 
1 1  
13 



8 
4 
2 
9 



5 
3 
1 
4 



7 
7 
3 
9 



13 
9 
13 
11 



4 
2 
4 
3 



28 
1,616 13 



Total Percent 
tests lethals 



6,75 1 
6,175 
5,607 
6,148 



10,099 
9,554 
7,199 
5,453 



6,476 
6,888 



5,509 
5,856 
5,866 
5,762 



5,833 
5,746 
5,635 
5,605 



6,798 
6,764 
5,288 
5,887 



6,949 
6,376 
6,05 1 
8,062 



7,913 
5,865 
5,866 
6,920 



5,863 
6,483 
5,618 
5,773 



6,367 
6,671 
6,211 
6,566 



6,007 
6,175 
5,849 
6,168 



5,827 
5,819 
5,639 
5,689 



5,538 



0.18 
0.15 
0.02 
0.07 



0.11 
0.01 
0.14 
0.09 



0.20 
0. I9 



0.04 
0.12 
0.12 
0.05 



0. I4 
0.03 
0.07 
0.05 



0.15 
0.15 
0.15 
0.10 



0.12 
0.16 
0.18 
0.16 



0.10 
0.07 
0.03 
0.13 



0.09 
0.05 
0.02 
0.07 



0.11 
0.10 
0.05 
0.14 



0.22 
0.15 
0.22 
0.18 



0.07 
0.03 
0.07 
0.05 



0.51 
5,526 0.24 - 



(continued) 
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TABLE 11. Results of the Sex-Linked Recessive Lethal Assay on Coded Chemicals (continued) 



Lethals Percent Percent 
Dose ROA mortality sterility Br 1 Br 2 Br 3 Br 1 



Tests 



B r 2  B r 3  



o-Toluidine HC1 
1.000 feeding 



5,500 injection 



Tris(2-ethylhexyl )phosphategg 



0 



0 



50.000 feeding 



50,000 injection 
0 



0 
2.6-Xylidinehh 



100 feeding 



4,000 injection 
0 



0 
Zearalenoneg 



I0,OOO feeding 
0 



0 
5,000 injection 



Ziram" 
1,000 feeding 



0 



32 



3 



40 



10 



5 



14 



1 



22 



0 



3 2 1 
2 I 1 
5 3 7 
2 5 4 



1 4 5 
1 2 5 
2 1 1 
1 0 1 



0 2 6 
4 2 10 
4 1 3 
0 0 6 



3 I 0 
I 1 0 
4 4 3 
3 2 1 



14 8 8 
5 5 2 



2,277 
2,147 
2,465 
2,465 



2,096 
2,223 
1,971 
2,069 



2,211 
1,934 
1,911 
1,999 



2,230 
1,734 
2,530 
2.150 



2,092 
2.075 



2,310 2,227 
2,121 2,031 
1,791 1.765 
2,142 1,980 



1,902 2,029 
1,752 1,740 
2,094 2,008 
2,105 1,676 



1,942 1,821 
2,128 2,046 
1,793 1,669 
1,821 1,811 



1,326 1,351 
1,383 1,118 
2,119 2,208 
2,007 1,762 



1,747 1,651 



Total Total 
lethals tests 



6 6,814 
4 6,299 



15 6,021 
11 6,587 



10 6,027 
8 5,715 
4 6,073 
2 5,850 



8 5,974 
16 6,108 
8 5,373 
6 5,631 



4 4,907 
2 4,235 



11 6,857 
6 5,919 



30 5,490 



Percent 
lethals 



0.09 
0.06 
0.25 
0.17 



0. I7 
0.14 
0.07 
0.03 



0.13 
0.26 
0. I5 
0.11 



0.08 
0.05 
0.16 
0.10 



0.55 
1.783 1,727 12 5,585 0.21 



"One cluster of 3 I lethals in feeding control. 
b T ~ o  clusters of 4 lethals in treated injection experiment. 
'One cluster of 4 lethals in feeding control. 



"One cluster of 3 lethals in injection control. 
'One cluster of 7 lethals in treated feeding experiment and one of 4 in feeding control. 
gone cluster of 10 lethals in feeding control. 



'One cluster of 8 lethals and one of 5 in treated injeciton experiment. 
'One cluster of 7 lethals in treated feeding and one of 4 in treated injection experiment. 
'One cluster of 6 lethals in treated experiment. 
'One cluster of 4 lethals in treated feeding experiment and one of 76 in injection control. 
"'One cluster of 7 lethals in feeding control and one of 10 in injection control. 
"One cluster of 5 lethals and one of 4 in treated feeding experiment, and 2 of 3 in feeding control. 
"One cluster of 8 lethals in treated feeding experiment and one of 50 in feeding control. 
Pone cluster of 7 lethals in treated experiment. 
qOne cluster of 5 lethals in treated injection experiment. 
Three clusters of 4 lethals in treated feeding experiment and one of 3 in feeding control. 
'One cluster of 4 lethals in treated feeding and one of 11 in treated injection experiment. 
'One cluster of 8 lethals, one of 7, and one of 4 in feeding control. 
"One cluster of 3 lethals in treated injection experiment. 
"One cluster of 4 lethals i n  treated inhalation experiment. 
"One cluster of 23 lethals and one of 4 in treated feeding experiment, and one of 10 in feeding control. 
"One cluster of 27 lethals in treated experiment; one of 8, one of 7, and one of 4 in control. 
YOne cluster of 28 lethals in injection control. 
"One cluster of 4 lethals in treated feeding experiment. 
aaOne cluster of 90 lethals in treated feeding experiment and one of 5 in treated injection experiment. 
hbOne cluster of 5 lethals in treated feeding experiment and one of 28 in injection control. 



ddOne cluster of 12 lethals and one of 5 in treated injection experiment. 
reone cluster of 4 lethals in feeding control and one of 5 in treated injection experiment. 
"One cluster of 10 lethals and one of 8 in treated feeding experiment. 
ggOne cluster of 9 lethals in treated feeding experiment and one of 4 in feeding control. 
h"One cluster of 4 lethals in treated injection experiment. 
"One cluster of 6 lethals in the control and one of 6 in treated experiment. 



cluster of 5 lethals in treated feeding experiment and one of 4 in injection control. 



cluster of 15 lethals in treated injection experiment. 



cluster of 5 lethals in treated feeding experiment. 
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TABLE I I I. Reciprocal Translocations Induced by Mutagenic Chemicals 



No. RTsINo. tests per sperm batch (in days of storage) 



Dose 
Treatment (Durn) &3 3-7 



3-Chloro-2-meth y lpropene 
Feeding 5,000 011,380 
3-(Chloromethyl)pyridine HCI 
Feeding 16 011,616 
cis-Dichlorodiaminoplatinum I1 
Feeding 40 21553 
1.2-Dibromoethane (ethylene dibromide) 
Feeding 25 
Dibromomannitol 



Dimethylcarbamoyl chloride 
Injection 2,500 
1,2-Epoxypropane 



GI ycidol 
Feeding 1,230 
HC blue 1 
Feeding 15,000 
3-Iodo- 1,2-propanediol 
Feeding 15,000 
Malaoxon 



N,N'-Methy lene-bis-acrylamide 
Feeding 600 
4,4'-Methylenedianiline 2HC1 



M yleran 



Feeding 1,000 



Injection 10,000 



Feeding 5 



Feeding 10,000 



Feeding 1,000 



111,370 



11206 



011,186 



011,830 



11515 



O i l ,  199 



011,142 



011,050 



0/3,118 



01 I ,  157 



311,060 
Toluene diisocyanate (2,4 & 2,6 mixture) 



Ziram 
Feeding 1,000 01 1,127 
Historical control 



Feeding 15,000 21 I ,53 1 



011,391 



01 1,640 



11523 



01 1,406 



1 1 I236 



011,193 



111,460 



141608 



O! 1,252 



011, I 12 



01 1,085 



111,434 



0/1,231 



1/986 



011,480 



01 1,093 



7-10 



011,334 



011,260 



11540 



011,300 



61100 



011,181 



11804 



6129 



011,168 



011,057 



011,101 



01730 



011,171 



61 I ,008 



01 1.502 



01 I ,  102 



Freq . 
1G14 14-17 17-20 Totals (%) 



111,237 



0161 1 



31565 



011,391 



010 



011,151 



0141 1 



01 I 



01987 



011,115 



01 1.077 



01206 



01855 



11518 



011,345 



011.113 



01610 



01633 



1 I465 



011,119 



010 



0185 1 



019G 



010 



01975 



01947 



01970 



0148 



01669 



01408 



01 1,039 



01936 



01 186 



010 



21229 



11634 



010 



01840 



0114 



010 



01688 



11573 



01423 



0124 



01180 



01253 



01672 



01939 



l"I6.138 



015,760 



10b12,875 



2'17,220 



1@/542 



016,402 



2'14,609 



21"11,153 



016,269 



1"/5,946 



015,706 



1'15,560 



015.263 



11*14,233 



2g17,569 



Ol6,3 10 



0.02 



0.00 



0.35 



0.03 



3.32 



0.00 



0.04 



1.82 



0.00 



0.02 



0.00 



0.00 



0.26 



0.03 



0.00 



0 1134,155 0137,924 0128,621 3129,379 0115,238 014,629 4h1149,946 0.003 



"One T(2;3). 



'Two T(2;3)s. 
dTwo T(Y;3)s and 16 T(2;3)s. 
"One T(Y;2), 5 T(Y;3)s, and 15 T(2;3)s. 
'Eleven T(2;3)s. 
"ne T(Y;2) and one T(2;3). 
hFour T(2;3)s. 



T(Y;2) and 9 T(2;3)s. 



doses. It is not clear why the chemical might vary in its 
effects within the same lab. One possibility is that one or 
more clusters may have obscured the effect of the chemical, 
since these earlier reports don't specify how clusters are 
handled. Fourth, there are statistical differences in the way 
we treat the data. We report (Table 11) 0.34% lethals in the 
treated and 0.26% in the concurrent control. This is a very 
high control frequency for us. Thus the treated frequency is 
statistically higher than the historical control, but not the 
concurrent control, and we find the chemical as negative. 
Vogel [1979] finds a treated frequency of 0.33% (531 



15,941) and a control frequency of 0.20% (20/9,969) and 
reports a positive. Although Vogel's frequencies are similar 
to ours, his sample sizes are 2-3-fold larger. 



Gene-Tox reported cinnamoyl anthranilate as not muta- 
genic. Our results support this conclusion. 



Gene-Tox reported three chemicals as "not tested suffi- 
ciently to determine mutagenic response." One of these, 
ziram, was found to be mutagenic in our study; melamine 
and monuron were not. 



Benzene was tested by Kale and Baum [1983]. They 
found, as we did, that benzene did not give a mutagenic 
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TABLE IV. Summary of Results From Tests of 70 Chemicals 



Chemicals 
~ 



I .  
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 



10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
34. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46, 
47. 
48. 
49, 
50 
5 1  
52 
53 
54 
55 



Acid orange 10 
Acid red 14 
Acry laniide 
Benzene 
Benzoin 
Benzyl acetate 
Benzyl alcohol 
Bisphenol A 
n-Butane 
n-Butyl acrylate 
4-Butyrolactone 
Carbon tetrachloride 
Chlorendic acid 
Chlorobenzene 
2-Chloro- 1,3-butadiene 
Chlorodibromomethane 
3-Chloro-2-methylpropene 
2-(Chloromethyl)pyridine HCI 
3-(Chloromethyl)pyridine HCI 
Cinnamyl anthranilate 
cis-Dichlorodiaminoplatinum I1 
D&C red 9 
2.6-Diaminotoluene 2HCl 
I .2-Dibromoethane 
Dibromomannitol 
2,6-Dichloro-p-phenylenediamine 
Dimethylcarbamoyl chloride 
N .N-Dirnethylformamide 
Dimethyl terephthalate 
Disperse yellow 3 
Dodecyl alcohol, ethoxylated 
1,2-Epoxypropane 
Formamide 
Glycidol 
HC blue 1 
HC blue 2 
8-Hydroxyquinoline 
Iodinated glycerol 
3-Iodo- 1,2-propanediol 
Isopentane 
Isophorone 
Malaoxon 
D-Mannitol 
Melamine 
6-Mercaptopurine monohydrate 
Methyl DOPA sesquihydrate 
N,N'-methy he-bis-acrylarnide 
4,4'-Methylenedianiline 2HCI 
Methyl methacrylate 
M o n u r o n 
Myleran 
4,4'-Oxydianiline 
Pentachloroethane 
Polybrominated biphenyl 
Propylene 



56. Pyridine 
57. Quinoline sulfate 
58. Reserpine 
59. Selenium sulfide 



Recessive lethals" Translocations 



Iniect Inhale Feed Iniect 



+ 
+ 



t 



+ 



60. Solvent yellow 14 
(corttirzued ) 
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TABLE IV. Summary of Results From Tests of 70 Chemicals (continued) 



Chemicals 
~ 



61. 
62. 
63. 
64. 
65. 



66. 
67. 
68. 
69. 
70. 



Recessive lethals" Translocations 



Feed Iniect Inhale Feed Inject 



Stannous chloride 
Sulfisoxazole 
1 , 1 , 1,2-TetrachIoroethane 
Titanium dioxide 
Toluene diisocyanate (2,4 & 2,6 
mixture) 
o-Toluidine HCI 
Tris(2-ethy1hexyl)phosphate 
2.6-Xylidine 
Zearalenone 



t 



- Ziram + 
aResults: +, mutagenic: -, no evidence for mutagenicity: E, equivocal; NT, not tested. 



response in Drosophila melanogaster. Cis-dichlorodiamino- 
platinum I1 was reported as strongly mutagenic by Woodruff 
et al. [ 19801. Our results support this conclusion. 



Darroudi et al. [ 19821 reported that HC Blue 1 (N-methyl- 
amino-2-nitro-4-N' ,Nr-bis(2-hydroxyethyl) aminobenzene) 
is not mutagenic following injection of adult males. We also 
did not find a mutagenic response following injection of 
adult males. We did, however, observe a mutagenic re- 
sponse following an adult male feeding exposure. 



Gocke et al. [1981] reported the lack of a mutagenic 
response following feeding of 8-hydroxyquinoline to adult 
males. We confirmed the lack of a mutagenic response for 
this compound following feeding and injection. 



Studies on five compounds were reported previously in 
this series. Pyridine was originally listed as giving equivocal 
results following feeding exposure [Valencia et al., 19851. 
Upon re-evaluation, it was found to be mutagenic following 
a 4,300 ppm injection [Mason et al., 19921. In the current 
report, it is listed as nonmutagenic, although a relatively low 
dose of 500 ppm was used here. 



The second compound, dimethylcarbamoyl chloride, was 
previously described as strongly mutagenic (3.5% lethal 
frequency) following a 10,000 ppm injection [Yoon et al., 
19851. In the present study, a 2,500 ppm injection was also 
mutagenic (0.75% lethals). Neither study yielded reciprocal 
translocations following exposure, indicating that this 
chemical is mutagenic, but has no apparent chromosome 
breaking capability. This result has been confirmed (unpub- 
lished results) using the ring-X mei-9 assay as developed by 
Zimmering et al. [1980]. 



The third compound, 2-(chloromethy1)pyridine HCl, was 
previously reported by Valencia et al. [1985] and Mason 
et al. [1992]. The feeding results are nonmutagenic in all 
tests. The original call, however, was equivocal based on 
injection data at a dose of 1,900 ppm. That study also 
reported a nonmutagenic response following a 950 pprn 
injection exposure. Subsequent tests with an injection dose 
of 1,500 ppm, reported by Mason et al. [1992], demon- 
strated a mutagenic response, although tests with a dose 



level of 2,200 ppm did not. Data reported here with an 
injection dose of 2,800 ppm also fail to support a mutagenic 
response. The source of the discrepancy is in one of the two 
independent injection experiments using 1,500 ppm. In this 
experiment, an unusually high mutant frequency was ob- 
served (10/2,527 = 0.40%), whereas in the second experi- 
ment a frequency within the control range was observed 
(2/1,514 = 0.13%). Because of the small sample sizes in- 
volved, these two results are not significantly different, and 
their sum is not significantly different from the single exper- 
iment run on the same aliquot at 2,250 ppm (1/1,375 = 
0.07). The sum of these, however, is different from the 
concurrent control (3/7,528 = 0.04). Thus, except for a sin- 
gle injection experiment set up on a single day, there is no 
evidence that 2-(chloromethyl)pyridine is mutagenic in 
Drosophila. 



The fourth compound, 3-(chloromethyl)pyridine HCI, 
was reported as negative in both feeding and injection exper- 
iments [Woodruff et al., 19851. The present study finds the 
compound to be mutagenic after feeding, although with a P 
value of 0.04, the suggestion of mutagenic activity is weak. 
There are no significant differences between the two data 
sets in either the treated or the control series. Thus at this 
point, we cannot make a firm conclusion about the mutage- 
nicity of this compound. 



The fifth chemical, reserpine, was originally found to be 
nonmutagenic after larval feeding [Zimmering et al., 19891, 
but the data were re-evaluated as equivocal [Mason et al., 
19921. There is no evidence in the present data on adult 
treatment that reserpine is mutagenic. 



This report contains data on the mutagenic capacity of 70 
chemicals in Drosophila germ cells. This brings the total 
number of unique chemicals tested by the National Toxicol- 
ogy Program (NTP) to 294 in the SLRL assay and 69 in the 
reciprocal translocation assay. It seems reasonable, there- 
fore, to ask about the utility of these assays, especially the 
SLRL assay, in the identification of potential mutagens. 
One approach to this is a comparison with the NTP Salmo- 
nella mutagenesis database, which contains information for 
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TABLE V. NTP Genetic Toxicology Results for 13 Droso~hiliu-Positive, Salmonella-Negative Chemicals 



Chemical name DL” (Renb SA” (Ref)b CA“ (Renb SCE” (Ref)b ML” (Ref)b 



+ (3) + (3) 
( 6 )  + (6)  



(12) + (12) 
(12) +w (12) + (13) 



(12) + (3) (12) 
(16) + (16) + (16) 



- (17) + W  (10) + (10) + (1 1) 
(19) + (19) 



+ (20) + (20) + (21) 
(12) (12) 



(23) + (23 ) + (24) 
(25) + (25) + (11)  



- 
(2) 
(5) 



Acetaldehyde + (1) 



(2) 
Alloxan monohydrate + (4) 



( 2 )  
trans-Cinnamaldehyde + (1) 
p,p’-DDE + (4) 
1,3-Dichloro-5,5-dimethylhydantoin +. - ( I ,  14) - (8) 



(2) 



(8) 
Dimethyl morpholinophosphoramidate + (15) 



(2) 
Ferrocene + (18) 



(2) 
Furfural + (1) 
Halothane + (1) 



- (22) 
(9) Malaoxon + (7) 



Maleic hydrazide +,- (14,26) - (8) +.- (3,19) +,+ (3,191 



“Abbreviations: DL. Dro,wphila SLRL; SA, Salmoiiella mutation; CA, chromosome aberration in Chinese hamster ovary cells; SCE, sister 
chromatid exchange in Chinese hamster ovary cells; ML, tk- mutation in mouse lymphoma L5178Y cells. Results as in Table IV. and +w, 
weakly genotoxic. 
bReferences: (1) Woodruff et al., 1985; (2) Mortelmans et al., 1986; (3) NTP, unpublished: (4) Valencia et al., 1985; ( 5 )  Zeiger et al., 1992; (6) 
Loveday et a]., 1989; (7) present report; (8) Haworth et al., 1983; (9) Zeiger et al., 1988: (10) Gulati et al., 1989; (I 1) Myhr and Caspary, 1991; 
(12) Galloway et al., 1987; (13) McCregor et al., 1988b; (14) Zimmering et al., 1989; (15) Foureman et al., 1993; (16) NTP Technical Report 
No. 323; (17) Zeiger et al., 1987; (18) Zimmering et al., 1985; (19) Galloway et al., 1985; (20) NTPTechnical Report No. 382; (21) McGregor et 
al., 1988a; (22) Zeiger and Haworth, 1985; (23) Gulati et al., 1985; (24) Myhret al., 1985; (25) Ivett et al . ,  1989; (26) Yoon et a].. 1985. 



- 



- 
- 



- 
- 



- - 



- 



- - Dimethyl methylphosphonate + (15) 



- - 



- - 



- 



- 



- 



- - 
Hexamethy lphosphoramide + (15) 



293 of these chemicals. Ashby and Tennant [1988, 19911 
have argued that the results in the NTP Salmonella database 
agree well with the ability of a chemical to interact with 
DNA. If we ignore those chemicals that gave equivocal 
results in either assay, there are 252 useful chemicals. Using 
the Salmonella result as a standard, we calculate that the 
SLRL assay has a sensitivity of 0.42 (55/130), where sensi- 
tivity is calculated as the proportion of mutagens “correctly” 
identified. Similarly, we calculate that the SLRL assay has a 
specificity of 0.89 (109/122), where specificity is calculated 
as the proportion of nonmutagens “correctly” identified as 
such. Including chemicals that gave equivocal results does 
not substantially change these results. Piegorsch and Zeiger 
[1990], however, find that in repeat tests using the same 
Salmonella protocol, - 15% of chemicals give discordant 
results. 



It may be worthwhile, therefore, to examine the discor- 
dant chemicals in more detail. Given that fewer than half of 
chemicals mutagenic in Salmonella are mutagenic in the 
SLRL assay, the Salmonella positives are probably not in- 
formative. However, 13 chemicals, 1 1 %  of Salmonella non- 
mutagens, are mutagenic in Drosophila (Table V). All 13 
were tested in the in vitro cytogenetics assays, using CHO 
cells; all but two, 1,3-dichloro-5,5-dimethylhydantoin and 
halothane, produced sister chromatid exchanges. All seven 
of the chemicals tested in the mouse lymphoma mutagenesis 
assay were positive, including 1,3-dichlor0-5,5-dimethyl- 
hydantoin. Halothane is the only chemical in this group that 
shows no evidence of mutagenicity in any of the assays 
listed here. It also appears not to be carcinogenic [Nesnow 



et al., 19871. Thus the majority of these chemicals may be 
genotoxic. If so, the calculated sensitivity would increase 
marginally, and the calculated specificity may be as high as 
0.99. This possibility suggests that, whereas a negative re- 
sponse in Drosophila gives very little evidence on the poten- 
tial genotoxicity of a chemical, a positive response in 
Drosophila is good evidence that a chemical is a transspe- 
cies mutagen. 



With this report, we have completed testing of the 73 
chemicals that were used by Tennant et al. [ 19871 to evalu- 
ate the ability of four in vitro genotoxicity assays to predict 
carcinogenicity. These in vitro assays included mutagenesis 
in Salmonella and mouse lymphoma cells, the assays for 
chromosome aberrations, and sister chromatid exchanges 
using Chinese hamster ovary cells. We have also tested 15 
of the 41 chemicals used to test the conclusions reached on 
the 73 [Zeiger et al., 19901. The 88 chemicals are listed in 
Table VI along with the carcinogenesis results generated by 
the National Toxicology Program [Haseman and Clark, 
19901 and our SLRL results using a standard protocol and 
coded samples. These chemicals include 52 carcinogens and 
36 chemicals that were not identified as carcinogens. As- 
suming for the moment that equivocal results are the same as 
negative, 14 of the carcinogens were mutagenic in Droso- 
phila, for a sensitivity of 27%, whereas 35 of the noncar- 
cinogens did not give a mutagenic response in Drosophilu, 
for a specificity of 97%. If we ignore the chemicals that gave 
equivocal results in either assay the number of chemicals 
useful for this comparison is reduced, but the results are 
essentially the same. 
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TABLE VI. Rodent Carcinogeniticy and Drosophila Mutagenicity for 88 Chemicals 



Chemical CASRN" MR 



Carcinogenicityh 



MM FM 



Dros' 



TR# DL Ref 



1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 



10. 



1 1 .  
12. 



Ally1 isothiocyanate 
Ally1 isovalerate 
1 I-Aminoundecanoic acid 
L-Ascorbic acid 
Benzene 
Benzoin 
Benzyl acetate 
Benzyl alcohol 
2-Biphenylamine HCld 
Bis(2-chloro- 1 -methylethyl)ether 



Bisphenol A 
Butyl benzyl phthalate - .  



13. Caprolactam 
14. Chlorendic acid 
15. Chlorobenzene 
16. Chlorodibromomethane 
17. 2-Chloroethanol 
18. 3-Chloro-2-methylpropene 
19. C.I. Acid orange 10 
20. C.I. Acid red 14 
21. C.I. Acid yellow 73d 
22. C.I. Disperse yellow 3 
23. C.1. Solvent yellow 14 
24. 
25. 
26. 
27. 



28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 



Cinnamyl anthranilate 
Cytembena 
D&C red 9 
Diallyl phthalate 



1.2-Dibromo-3-chloropropane 
I ,2-Dibromoethane 
1 ,2-Dichlorobenzene 
2,6-Dichloro-p-phenylenediamine 
1,2-Dichloropropane 
1,3-Dichloropropene 
Di-(2-ethylhexyl)adipate 
Di(2-ethy1hexyl)phthalate 
Diglycidyl resorcinol ether 
Dimethyl hydrogen phosphite 
Dimethyl morpholinophosphoramidate 
Dimethyl terephthalate 
Dimethylvinyl chloride (DMVC) 
I ,2-Epoxybutane 
Ethoxylated dodecyl alcohol 
Ethyl acrylate 
Eugenol 
FD&C yellow No. 6 
Geranyl acetate 
Hamamelis water 
HC Blue 1 
HC Blue 2 
Hydroc hlorothiazide 
8-H ydrox yquinoline 
Isophorone 
Malaoxon 
Malonaldehyde, Na salt 
D-Mannitol 
Melamine 
DL-Menthol 
Methvl carbamate 



57-06-7 
2835-39-4 
2432-99-7 



50-8 1-7 
71-43-2 



119-53-9 
140-11-4 
100-51-6 



2185-92-4 
108-60-1 



80-05-7 
85-68-7 



105-60-2 
115-28-6 
108-90-7 
124-48- 1 
107-07-3 
563-47-3 



1936- 15-8 
3.567-69-9 
5 18-47-8 



2832-40-8 
842-07-9 
87-29-6 



21739-91 -3 
5 160-02- 1 



I3 1 - 17-9 



96- 12-8 
106-93-4 
95-50-1 



609-20- 1 
78-87-5 



542-75-6 
103-23-1 
117-81-7 
10 1 -90-6 
868-85-9 
597-25-1 
120-6 1-6 
513-37-1 
106-88-7 



9002-92-0 
140-88-5 
97-53-0 



2783-94-0 
105-87-3 



689 16-39-2 
2784-94-3 



33229-34-4 
58-93-5 



148-24-3 
78-59- 1 



1634-78-2 
24382-04-5 



69-65-8 
108-78-1 



15356-70-4 
598-55-0 



234 
253 
216 
247 
289 
204 
250 
343 
233 
191 
239 
215 
213 
214 
304 
26 1 
282 
275 
300 
21 1 
220 
265 
222 
226 
196 
207 
225 
284 
242 
206 
2 10 
255 
219 
263 
269 
212 
217 
257 
287 
298 
121 
316 
329 
264 
259 
223 
208 
252 
286 
27 1 
293 
351 
276 
29 1 
135 
33 1 
236 
245 
98 



328 



4, 8 
5 
6 
1 
2 
2 
2 
2 
4 
4 



2 
4 
1 
2 
2 
2 
4 
2 
2 
2 
4 
2 
2 
2 
1 
2 
4 



6 
2 
1 
2 
5 
4 
5 



6, 8 
4 
5 
1 
2 
1 
6 
2 
4 
1 
1 
1 
5 
2 
2 
4 
2 
2 
2 
5 
2 
2 
1 
1 



(continued) 
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TABLE VI. Rodent Carcinogeniticy and Drosophila Mutagenicity for 88 Chemicals (continued) 



Chemical 



Carcinogenicityb Dros“ 



CASRN“ MR FR MM FM TR# DL Ref 



59. MethylDOPA sesquihydrate 
60. 4,4’-Methylenedianiline 2HC1 
61. Methyl methacrylate 
62. Monuron 
63. Nitrofurantoin 
64. 4,4’-Oxydianiline 
65. Oxytetracycline HCI 
66. Pentachloroethane 
67. Phenol 
68. Polybrominated biphenyl mixture 
69. Propylene oxide 
70. Propyl gallate 
71. Reserpine 
72. Roxarsoned 
73. Selenium sulfide 
74. Sodium (2-ethylhexyl) alcohol sulfate 
75. Stannous chloride 
76. Sulfisoxazole 
77. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
78. l , l ,  1,2-TetrachIoroethane 
79. Tetrachloroethylene 
80. Tetracycline HC1 
81. Titanium dioxide 
82. 2.6-Toluenediamine 2HC1 
83. 2,4- and 2.6-Toluene diisocyanate 
84. Tribromomethaned 
85. Trichloroethylene 
86. Tris(2-ethy1hexyl)phosphate 
87. Zearalenone 
88. Ziram 



4 1372-08- 1 
13552-44-8 



150-68-5 
80-62-6 



67-20-9 
101-80-4 



2058-46-0 
76-01-7 



108-95-2 
67774-32-7 



7.5-56-9 
121-79-9 
50-55-5 



121-19-7 



126-92-1 
7446-34-6 



7772-99-8 
127-69-5 



1746-0 1-6 
630-20-6 
127- 18-4 
64-75-5 



13463-67-7 
1.548 1-70-6 
26471-62-5 



75-25-2 
79-01-6 
78-42-2 



17924-92-4 
137-30-4 



+ 
+ 
- 



+ 
+ 
E 
E 



+ 
- 



E 
+ + 



348 
248 
314 
266 
34 1 
205 
315 
232 
203 
244 
267 
240 
193 
34.5 
194 
256 
23 1 
138 
209 
237 
311 
344 
97 



200 
25 1 
350 
243 
274 
235 
238 



+ 
E 
E 



+ 
+ 
E 



+ 



2 
2 
2 
2 
7 
2 
1 
2 
5 
2 
2 
1 



3, 8 
1 
2 
4 
2 
2 
7 
2 
4 
1 
2 
2 
2 
5 
1 
2 
2 
2 



“Chemical Abstracts Service Registry Number. 
bMR, male rat; FR. female rat; MM, male mouse; FM, female mouse; TR#. NTP Technical Report number (these reports contain the data and 
results of the carcinogenicity assay for each chemical and are available from the U.S. Government Printing Office); +, carcinogenic; E, equivocal 
evidence for carcinogenicity; - , not carcinogenic; I, inadequate test. 
‘Drosophila results; RL, sex-linked recessive lethal result; Ref, reference to the published data; +, mutagenic; -. nonmutagenic; E, equivocal 
response; 1, Foureman et al., 1992; 2, this report: 3, Mason et al., 1992; 4,  Valencia et al., 1985; 5. Woodruff et al.. 1985; 6. Yoon et al., 1985; 
7. Zimmering et al., 1985; 8, Zimmering et al., 1989. 
d2-Biphenylamine HCl was tested as 2-aminobiphenyl (CASRN 90-41-5); C. I. Acid yellow 73 was published as fluorescein, 2Na: roxarsone was 
reported as 4-hydroxy-3-nitrophenyl arsonic acid; tribromomethane was reported as bromoform. 



Based on the results of these 88 chemicals, the SLRL 
assay is less sensitive, but more specific than the four in 
vitro assays compared previously [Zeiger et al., 19901. Ex- 
cept for the fact that the Drosophilu assay uses germ cells of 
a metazoan, in vivo organism, there is no a priori reason to 
believe that the SLRL assay is qualitatively different from 
the in vitro genotoxicity assays. Tennant et al. [1987] ob- 
served that, with modifications in the evaluation criteria for 
a positive result, it is possible to increase the sensitivity or 
the specificity of an assay, but not both. Indeed, increasing 
one was achieved at the expense of the other. Furthermore, 
the same is true for choosing one of the in vitro assays. 
Those assays with high sensitivity have low specificity. If 
the specificity of an assay is plotted against its sensitivity, 
the four in vitro assays fall on a straight line. The SLRL 



results presented here fall at one end of this continuum (Fig. 
2). If this holds true for other assays, the choice of the best 
genotoxicity assay to use as a predictor of carcinogenicity 
would depend on favoring one parameter-sensitivity , spec- 
ificity, or some other factor such as cost-ver the others. 
This choice also depends on the purpose to which the assay 
will be put. The SLRL assay, for example, would not be 
useful as an initial screen to identify potential mutagens, but 
may be useful in sorting known mutagens for those that are 
likely to be identified as carcinogenic in the 2-yr bioassay. 
However, as pointed out by Tennant et al. [1987], the data 
also point to a large group of nongenotoxic carcinogens. 
Short-term assays for these nongenotoxic carcinogens [Ma- 
son et al., 19901 need to be developed in order to investigate 
the biological activity of these compounds. 
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Fig. 2. Comparison of the specificity of a short-term test for predicting 
carcinogenicity with its sensitivity. Sensitivity is defined as the proportion 
of carcinogens that give a positive response in a short-term test. Specificity 
is defined as the proportion of noncarcinogens that do not give a positive 
response in the short-term test. Abreviations: DL, Drosophila SLRL; SA, 
Solinonella mutation; CA, chromosome aberration in Chinese hamster 
ovary cells; SCE, sister chromatid exchange in Chinese hamster ovary 
cells: ML, tk- mutation in mouse lymphoma L5178Y cells. The data are 
based on the 88 chemicals in Table V1. 
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Biocl1emical and Hematological 



Evaluation of Chloroprene Workers 
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Ii	 James J. Gooch, Dr.P.H., and William F. Hawn, M.D. 



II 



'i Swedish and Russian investigators have reported a vari
)1 



ety of biochemical and hematological alterations in chlor
,I	 oprene-exposed workers. In view of their findings. an 
II
II	 e\aluation of the biochemical and hematological status of 



active chloroprene workers at a Du Pont Company plant 
1/ Vras undertaken. The distributions of biochemical and
'I	 hematological values of 336 currently exposed and 227 



previously exposed chloroprene workers were compared Ii to those ot 283 workers never exposed to chloroprene. The 
comparative analysis did not indicate or suggest thatI' 
chforoprene workers have biochemical or hematological 
alterations. or both, of medical significance. Some of theI 
biochemical and hematological alterations cited by other 



" 



II researchers were investigated in the current study. Of those 
'j alterations investigated, none were found among the cur



rent cohort of chloroprene-exposed workers. 



Chloroprene. a chlorinated hydrocarbon monomer, is 
used in the manufacture of the synthetic rubber nEl> 
prene. The monomer is subject to polymerization produc
ing a polychloroprene latex. Occupational exposure to 
chloroprene occurs primarily through inhalation of 
vapors and skin contact with the liquid. 



A variety of biochemical and hematological alterations 
have been reported in chloroprene-,exposed workers, Bio
chemical effecu include metabolic acidosis,' hypogly
cemia,~ ,. hyperlipemia,' hyperproteinemia,' and de
creased ascorbic acid levels'; increases in serum calcium 
and chlorides'; increased excretion of coproporphyrin'; 
and a decrease in the activities of cholinesterase,' • hista
minase.' and blood carbonic anhydrase.' Total gluta
thione was unchanged, but an increase in oxidized gluta
thione was obsel'\led.' Levels of blood catalase' and trans
aminases'o were within normal ranges, 
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Swedish and Russian investigators' , 11 ,~ reported alter
ations in hematological indices while two other Russian 
authors" ,. found no significant changes in the composi
tion of the peripheral blood of chloroprene workers In 
1944. Nystrom" obsel'\led hypochromic anemia in 
workers in a pilot plant. More recent Soviet papers report 
reticulocytopenia, hemoglobinemia, and a tendency to
ward leukopenia in exposed workers.' U Increased coagu
lation time has also been reported.' 



In view of the study resulu cited, an evaluation of the 
biochemical and hematological status of active chloro
prene workers at a Du Pont Company plant was under· 
taken.. 



Methods 
The Du Pont Company Louisville Works was selected 



as the site for this study Chloroprene has been used at the 
plant since 1942 and it was manufactured there from 
1942 to 1973. Selected for the study were all workers on 
the wage roll as of December 31, 1977, These workers 
were assigned to one of three study groups. 



Currently Exposed. - Workers assigned to the chloro
prene polymerization area of the plant on December 31. 
1977. 



Not Currently Exposed. - Workers with a past work 
history of assignment to the chloroprene polymerization 
area of the plant. 



Never Exposed. - Workers with no work history of 
assignment in the chloroprene polymerization area of the 
plant. Occupational exposure to chloroprene was defined 
as having been assigned to the chloroprene polymeriza
tion area of the plant 



Seven supel'\lisory level intlividuals. familiar with chlor
oprene production at the plant. independently rated each 
job as "high," "moderate," ';Iow," and "varied" in pote~ 
tial for exposure to ch/oroprene. Each worker was subse
quently assigned to the exposure level which was most 
reflective of his highest exposure potential, 



At Louisville Works. a physical examination is routinely 
liven each worker upon initial employment and annually 
thereafter. Clinical chemistry and hematological examina











llble 1. - BiochemiCiI lest Results by Study Groups. 



. NGl 
Niver Currently Currently 



Exposed Exposed Exposed 
Labor,'or, Tests IN .. 21131 IN .. 336) IN .. 227) 



CalCiwFT': :Tlg=tc 9.1 94 9.1 
Inorg ;,n050 mg% 34 j 4 34 
Glucose mg% 1027 101 2 101 7 
BUN mg% 14 9 15 1 15 2 
UriC aClc mg% 63 64 65 
CI10lesterOI mg% 209 212 214 
T·prote,n mg% 72 72 7 1 
Albumin grr% 46 4 6 4 6 
T· bilirubin gm'lc 06 06 06 
Alka pnosp mjoL'ml 686 709 689 
LOri m,,/ml '72 , 1738 172 3 
SGOT mjoL/m: 247 259 24 9 



tions are included as a part of these physical examina
tions. Twelve-hour fasting blood samples were drawn 
from each worker by the plant nurse between 7:00 a.m 
and 7:30 a.m Serum. blood with anticoagulant, and blood 
smears were delivered to the contract laboratory within 
two to three hours ot collection. 



From the serum the following chemical determinations 
were made - calcium; inorganic phosphorus; glucose; 
blood urea nitrogen (BUN); uric acid; cholesterol; total 
protein; albumin; total bilirubin; alkaline phosphatase; 
lactic dehydrogenase (lDH1 and serum glutamic oxalo
acetic transaminase (SCOT). Hematological determina
tions made from the whole blood included: white blood 
cell count and differential; red blood cell count and i~ 



dices; hemoglobin. and hematocrit. All determinations 
were made using standard laboratory methods. The bIO
chemical results were obtained on a multichannel analy· 
zero 



Test results were reported to the plant physician on a 
standard reportmg form from which the test values were 
keypunched for computer tabulations. Only values result
ing from testing done between 1974 and 1977 were e~ 



tered into the study. During this period. 95% of the 
workers were tested annually for at least two or more 
years. Test results obtained prior to employment and ex
posure to chloroprene. with the unique exception of those 
of 76 currently exposed workers, were not included in this 
study. In the course of normal events. 76 workers were 
tested biochemically and hematologically before and 
after being assigned to the chloroprene polymerization 
area. These laboratory data were included in a paired 
analysis. 



The biochemical and hematolOgical data were anal
yzed accordina to a one-way analysis of variance 
(ANOVA). The F·statistic resulting from the ANOVA and 
its probability value were used to compare the test 
parameters. If the ANOVA probability value was less than 
or equal to 005, a two-tailed student t-test for groups of 
unequal size was used to determine which test 
parameters in the exposed group were significantly differ
ent from those of the never-exposed group. For the t-test 
a p-va/ue of less than or equal to 0.05 was considered to 
be statistically significant. 



Among 7& workers. biochemical and hematological 
test values obtained before they were exposed to chloro-



Journal of Occupational Medicine/Va!. 23, No. 4/April1981 



230 ~ 



220 



210 



200 



1'0 



180 



170 



AGE III YEARS 



Fig 1. - Cholesterol, mean values by five-year Ige groups for 
workers never exposed 10 chloroprene. 



prene were compared to values obtained after exposure 
The mean difference between the two measurements \\ as 
tested by applying the t·test tor paired compansons 
calculated at the 0.05 significance level 



Results 
The currently exposed study group was comprised ot 



336 workers. the not currently exposed group of 227 
workers. and the never-exposed group of 283 workers 
The currently exposed group had 11 (3.3% 1females. the 
not currently exposed group had 7 (31%) females. and 
the never-exposed group had 37 (13 2%Hemales Overall. 
ages were comparable in the three stud~' groups The 
mean age for the currently exposed workers was 430 
years. for the not currently exposed 464 years. and for the 
never-exposed group 44.7 years 



Biochemical Tests. - The biochemical test results are 
summarized in Tables 1 through 6 In each table. the test 
values obtained for the exposed groups are compared to 
those obtained for the never-exposed group. 



In Table 1 the test results are summarized by study 
groups. Overall. the biochemical test values for the ex
posed groups did not differ significantly from the test 
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Tlble 2. - Biochemical Test Results tor Workers with
 
Potentially High Exposure to Chloropr.ne
 



by Study Groups.
 



Not 
"Iver Currlntly Curre~lIy 



bPDSld bpoSld Elposed 
LaborltDry TtaU IN • 283) IN • U7) IN • 118) 



CalCium mg% 9~ 9~ 94 
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Glucose mg~. 
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990 
34 



101.9 
BUN mg~. U9 • 150 ,~ J 
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values reported for the never-exposed group (Table 1). 
The test results for those workers with a high potential for 
exposure to chloroprene in the two exposed study groups 
are shown in Table 2. The test values for those workers 
with a potentially high chloroprene exposure were co~ 
parable to those of the never-exposed workers (Table 2). 



For the currently exposed workers. the test results were 
analvzed bv duration of chloroprene exposure (Table 3). 
Duration was defined as the time between first exposure 
to chloroprene and the end of the study in 1977. Duration 
was stratified into less than 1 year, 1 to S years. 6 to 10 
years, and greater than 10 years. With the exception of 
those for cholesterol and alkaline phosphatase all other 
test values when analyzed by duration did not differ sig
nificantlv from those of the never-exposed studygroup 
(Table 3). These findings were also observed when the test 
results of currentlv exposed workers with a potentially 
high exposure to c:hloroprene were analyzed by duration 
(Table 4). 



When analyzed bv duration of exposure (Tables 3 and 
4), cholesterol values were found to differ significantly (p 
< 0.05) from those of the never-exposed group. The 
cholesterol values ranged from 202 mg% at less than 1 
year duration of chloroprene exposure to a high of 226 
mg% with greater than 10 years' duration. Noting the i~ 



crease with duration of exposure, analysis of covariance 
was employed to take the age of the worker into account 



Tlble 3. - BIochemical TISI Results tor Worklrs Curl'lntty Exposed to Chloroprene by Duration, 
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Niver 
bpolld 



(N • 213) 
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(N • 176) 
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Ca'CIum mg% 
I"org o~os~ mg% 
Glucose mgCf, 
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First, the values for the never-exposed group were anal
yzed. to see if cholesterol varies with age. When this was 
done, a highly significant variation (F = 4.85. d.f. = 281. p 
< 0.0002) in cholesterol values by age was noted (Fig 1). 
From age group 20 to 24. the cholesterol value increased 
from 188.3 mg% to a high of 226.2 mg% by age group 45 
to 49. Afterward. the cholesterol value declined to 213.0 
mg% by age group 60 to 64. Age was then adjusted in the 
currently exposed group through the covariance analysis. 
After the adjustment, the significant effect duration ap
peared to have had upon cholesterol values was no 
longer present (F = 1.02, df. =617. p =0.395) (Table 5). 
With the age adjustment, the never-exposed group had a 
cholesterol value of 209 mg%. while for the currently ex
posed group the values ranged from 206 to 21 S mg% 
(Table 5). 



By duration. the currently exposed workers with 6 to 10 
years of exposure had a significantlv (p < 0.05) higher 
mean alkaline phosphatase value (82 ~ml) than did 
never-exposed workers (69 mjiml) (Tables 3 and 4). The 
difference was attributable to two. exposed workers with' 
alkaline phosphatase values far above the upper limit of 
the 31 to 107 m,.'ml (micro-units per milliliters of serum) 
calculated normal range. During the study period, the two 
workers had mean alkaline phosphatase values of 137 
'"I4'ml (successive annual values: 177, 140, 120. and 111) 
and 163 m,.'ml (successive annual values: 102, 191. and 



Tabll C. - Biochemical Tilt Rllu1tI tor Cumntly Exposld WDl'kln 
with. PGtlntJal1y High Expolurl to ChlDroprlnl by Duration. 



Niver	 Durallon " Expolurl 11ft Yurl' 
ExpOSld <, '·5 1·'0 > 10 



Labora1ory Teltl IN .1131 (N • 136) (N • 56) IN • '7) IN • III 
ca'Cium mg flo 
Inorg phoSD mg Y, 
Glucose mgY. 
BUN mgY,I UriC IClll mgY.Ii CholesterOl mg% 
T-proteln mgY,II Albumin gmY. 
T· bilirubin gm % 
Arkl phosP ITljVml 
LOH mjVml 
SGOT mwml 



• p < DOS 
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9.4 9.4 94 9.4 93 
3.4 3.5 34 3.3 3.3 



102.7	 98.7 97.2 101.0 101.7 
149 14,9 15.0 • 14.7 157 
63 6.3 6.2 e.6 63 
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Table 5. - ChDltstirol Values for Neyer-Exposed and Currenlly Exposed Workers by Duration 01 
Exposure to Chlaroprene Analyzed by ANOVA Ind Analysis of CoYariance. 



An,I'ISl' at 
Onl·W.y ANOYA" CovarianCI. 



bposurl Groups Un,djusted Adjustlll 
By Dur.tion Mun Standard Mun 
(In Years) 



Never exposed 



Currently exposed 



No. 01 Workers tmg%1 Deviation Img%) 



0 282 210 376 209 
< 1 176 200 384 206 
1·5 ao 215 40' 214 
6·10 17 217 364 212 
> '0 63 225 428 215 



Agi 



438 
367 
438 
485 
544 



"Dlflerenees SignifIcant by ANOVA (F • 5 48 c j .. 281 p .. 0 0002}
 
tDlfferenees nOl Significant by analysIs of covaflanee (F .. 1 02. d.l. --617. p - 03951
 



I 
\ 198). respectively In the first worker, the elevations were 



due to bone pathology (post-traumatIc) as distinct from 
liver or other organ pathology In the latter worker, the 
elevations are thought to be false-positives most likely 
due to medication being taken for blood pressure eleva
tion. If these two mean values were considered outliers 
and eliminated from the analysis. then the (> to 10 years 
duration group would average a not significant 73mlllmi. 



Paired Analysis When individual comparisons were 
made before and again after first exposure to chloro
prene, a statistically significant (p < 0.05) change was 
noted for glucose, cholesterol, and lDH (Table 6). The 
before glucose measurement decreased from 105.6 mg% 
to an after measurement of 98.2 mg%; cholesterol de-
creased from 202.3 to 194.8 mg%; and lDH increased 
from 165.6 to 1769 m,Nml. These changes. although statis
tically significant, were well within the respective normal 
ranges. The normal ranges were calculated to be: 86 to 
126 mg% for glucose; 121 to 283 mg% for cholesterol; 
and, 106 to 226 m~ml for lDH. Thus. these mean changes 
represented distribution shifts within their respective nor
mal ranges due most lik~ly to natural variability of the in
dividuals. Therefore. these changes were not thought to 
represent medically significant biochemical alterations. 



Hematological Data. - Overall. the hematological 
values were comparable among the three study groups 
(Table 7). Comparable values were also observed when 
the hematological data for the exposed groups were anal



\ yzed by level and duration of exposure to chloroprene 



Tlble 6. - Biochemical Tilt Ruuftl tor Workers Sefore
 
Ind After AsSignment to I Potentially High.Exposure Arta
 



In Cllioropreni Production.
 



Llbor.tory Te.ts 



ca'Cium mg% 
. Inorg phosp mg~. 



Glucose mg% 
BUN mg% 
Uric .clll mg'Y, 
ClIolesterol mg'Y. 
T-protein mg'Y, 
Albumm gm% 
i -DlhruDIM gm% 
Alka pnosp mwml 
LDH ml'!ml 
SGOi ml'!ml 



"p < 0.05 



AfterIe'"Erposure bposure 



9.7 9.5 
34 36 



1056 982" 
14.11 14.7 
65 64 



202.3 1948" 
7.5 72 
4.9 48 
07 06 



74.4 7~2 
1656 1769
266 255 
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(data not shown) No statistically significant differences 
were noted in any of the hematological analyzes 



Paired Analysis. In the paired analysis. none of the 
hematological mean differences were significant (Table 
8) Thus. the after hematological determinations were 
comparable to the determinations made before exposure 
to chloroprene. 



Discussion 
The results summarized in this study do not indicate or 



suggest that chloroprene workers have biochemical or 
hematological alterations. or both. of medical signif~ 



cance. No deviations from normal were observed in either 
biochemical or hematological values among workers 
segregated into three study groups on the basis of prob
able exposure to chloroprene. Furthermore. duration of 
exposure to chloroprene had no adverse influence on the 



.normality of test results. No relationship between the fre-
Queney of deviant values and exposure group or duration 
of exposure to chloroprene was found. Some of the biO
chemical and hematological alterations cited in the intro
duction were investigated in the current stud" Of those 
alterations investigated. none were found among the cur
rent cohort of chloroprene-exposed workers 



One unavoidable problem associated with biochem~ 



Tlble 7. - Hematological Test Results by Study Groups. 



Not 
.mr Curranlly Currently 



Erposed Eaposed bpo.ed 
ubOl'l1ory Tests" CN - 2131 (N - 336) IN a 227) 



WBC (1l1ousanllSI 668 664 699 
RBC (millions) 503 506 504 
HemogloDm (gm%) 14.9 15 1 15 1 
HematOCrit IV01~,) 44.7 45.0 450 
Mev (C~l 119.3 893 893 
MCH ("",gm) 2911 300 301 
MCHC Igm/100mll 336 337 337 
StaDs I~,I 1 6 17 25 
Sags 1%1 55.0 . ~2 563 
lympll ('/0) 350 35 7 335 
Mono (~,) ~4 55 54 
Eosin ('10} 32 31 32 
Baso 1%) 1.4 12 1 2 



·WBC - wllite DIOOO cells; RBC - red 1l100d celis MCV - mean 
corpuscular VOlume; MCH - mean corDuscular hemog'oo,n. MCIoIC 
- mean corpuscular hemoglOOln concentrallon Slaos - neul'O' 
pllllic bands. Segs - segmented neutropnlls. Lympn - Iympno· 
tytes. Mono - monotyles. EOSin - eOSlnoon,ls 8aso - basopnols 
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Table 8. - Hematological Test Results for Workers Before 
and Alter Assignment 10. Potentially Hlgh·ExpDsure Aria 



In Chloroprlne Production. 



Laboralory Tlsls' 



wee t~ousancs,
 



ReC im,lllonSI
 
Hemogloom Igm'ro I
 
Hematocnt IVO"/')
 
MCV ICUIl'
 
MCH Illl'g",)
 
MCMC 'gmI100ml)
 
StaDs ,'I, . .•.
Segs I';, I
 



Lympn 1%1
 
Mono (%1
 
EOSin ('/,1
 
Baso ('/01
 



lI'orl Anlr 
£lllosurl b\losllrl 



637 6 70 
5 13 508 



154 ,54 
45 1'50 



880 887 
300 303 
345 337 
29 1 7 



54 1 51 9 
363 384 
5S 56 
35 39 
15 1 3 



'WBC - wt1lte Dlooe cells: RBC - red blOOd cells: MCV - mean 
torpuSCular volume. t.>\CH - mean corpuscular nemoglobln; MCHC 
- mean corpuSCUlar lIemogloom concentration. Slaos - neulro
OMe oanes. Segs - segmenteo neulroplliis. Lympn - lymOho· 
cy1es Mono - monocy1es. EOSin - eoslnophils: Baso - basopll/is 



cal and hematological measurements is deciding what 
value to consider normal, abnormal. or borderline. Tradi
tional interpretation of laboratory data has been based 
upon the "normal range" as the reference against which 
an individual value may be compared, the normal range 
being that interval of values that would be obtained from 
indiViduals in normal health This then is a statistical 
classificatIon of laboratory values based upon the Gaus
sian or normal distribution concept. However. before the 
abnormal can be deCided upon. the normal population 
and its values must be defined In the current study, the 
normal population was defined as active wage roll 
workers at LouiSVille never exposed to chloroprene. By 
using this internal comparison. the effects of socioeco
nomic factors. laboratory differences. and differences be
tween comparison populations were minimized. 



Overall. the test values obtamed in the exposed groups 
tended to cluster around the never-exposed group mean 
values .....·ith no gross elevatIons or decreases. This obser
vation is supported by the fact that the percentage of de
viant values was not significantly increased for any test 
results. 



The significant differences noted when cholesterol was 
analyzed by duration (Tables 3 and 4) returned to non-sig
nificant differences when age of the workers was adjusted 
(Table 5). The adjusted cholesterol means generated in 
the covariance analysis are regarded as better estimates 
of the treatment effect (duration of exposure to chloro
prene) than the.unadjusted means because one of the 
sources of experimental error. (in this case) age. has been 
removed by adjustments. By adjusting, a lower experi
mental error was obtained and a more precise compari
son among duration of exposures was made possible. 



The relationship between age and cholesterol levels 
has been reported by several investigators. IS " U In these 
studies cholesterol levels appear to vary not only with age 
but also with sex. race. geographic location, diet, seasonal 
factors. physical activity. and occupational stress 



In biological data it is frequently desirable to take a 
measurement of some parameter before and after some 



treatment is given each study sublect ThiS procedure oi 
using a subject as hiS own control has thE' advantage oi 
controlling man... extranE'OUS sources of "anat/on 10 the 
data In the current analvsls. the bIochemical and hema
tological values obtained before exposure to chloroprene 
were compared to those taken after exposure In these 
comparISons only glucose. cholesterol. and LDH ~ere 
found to have mean differences that were conSidered 
statistically significant These mean dIfferences all repre
sented distribution shifts within the calculated normal 
ranges. Furthermore. the frequency of deViant values did 
not exhibit significant changes. It IS unlikelv that these 
changes represent a medically SignifIcant finding; it IS 



probable that they represent intraperson varlab,litv 



Th~ authors WIS\o, 10 UO'~!I lhe" aoor~Clatlon to lohn .. Steohp,,, ., lo~" 



"'ttl. \'\0'." tor hIS contrlbutlon~ to th. coll.,cuon 0' da~a ,tar, OOl"\.....wf' 'Of 



cI~"c., .1SI!l.nce .nd .. "dr., E L C,dnf' Ceo'if \\ Z~"a, and \'\,II,a~ 
F.VfWfalhe, ior compUler '"Illance 
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CLINICAL TOXICOLOGY 13 (2),  pp. 153- 170 ( 1978) 



Chloroprene (2-c hloro-1 , 3-bu tadiene)- 



What Is the Evidence for Its Carcinogenicity? 



THOMAS J. HALEY, Ph.D. 



Department of Health, Education, and Welfare 
Food and Drug Administration 
National Center for Toxicological Research 
Jefferson, Arkansas 72079 



I N T R O D U C T I O N  



In March 1975, the National Institute of Occupational Safety and 
Health (MOSH) issued a background report  on chloroprene (2-chloro- 
1, 3-butadiene) noting that about 2500 workers are exposed to the chem- 
ical during i t s  synthesis and polymerization to neoprene. This report  
cited Soviet work concerning an increased incidence of lung and skin 
cancer in workers and the structural  similari ty to the known liver car-  
cinogen, vinyl chloride [ 11. Numerous reviews have appeared over the 
years,  but they generally covered synthesis and utilization of the chem- 
ical [2- lo].  We therefore decided to reevaluate the chemical and bio- 
logic activities of chloroprene to establish whether i t  is actually a 
potential carcinogen. 



153 



D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
N
o
r
t
h
 
C
a
r
o
l
i
n
a
]
 
A
t
:
 
1
4
:
2
8
 
2
3
 
D
e
c
e
m
b
e
r
 
2
0
0
9











154 HALEY 



C H E M I S T R Y  



S y n t h e s i s  



Since chloroprene was originally produced in 1931- 1932, many 
routes of synthesis have been devised with a view toward increasing 
yields, decreasing undesirable byproducts, and using a variety of feed 
stocks. Representative examples of these synthetic methods are pre- 
sented. Vinylacetylene is readily converted to chloroprene at  30 "C 
using concentrated HC1, CuC1, and m 4 C 1  "11. Yields of 80% can be 
obtained [ 121. One of the problems of this synthesis is the production 
of 1-chloro- 1,a-butadiene along with chloi-oprene [ 131. Another meth- 
od based on vinylacetylene but using CS H4 ( CHS)Z as a solvent gives a 
yield of only 53% [ 141. The reaction time can be shortened by using 
an excess of HC1 and a discontinuous process to obtain a yield of 84% 
[ 151. Chlorination of vinylacetylene can be accelerated by exposing 
the reaction mixture to 572 Hz waves [ 161. SnCla can be substituted 
for CuCl as the catalyst [ 171. Analysis of the effect of reaction tem- 
perature showed the maximum yield (85%) was obtained at 15°C [18]. 
The use of grate-plate columns gave better recoveries of chloroprene 
than bell-shaped o r  Rashig ring filled columns [19]. The byproduct of 
chloroprene synthesis, 1,3-dichloro-2-butene, can be thermally dehydro- 
chlorinated in the vapor phase a t  450-650°C to chloroprene in a yield of 
85.3% [20]. LiCl can be used as a catalyst in chloroprene synthesis [21]. 
Chloroprene can be synthesized by dehydrochlorination of 3,4-dichloro- 
1-butene in the presence of Naz COs and a tert iary amine o r  a quater- 
nary ammonium salt [22]. An evaluation of the catalysts used in the 
2,4-dichloro-2-butene synthesis of chloroprene showed that CaCla + 
Cu was the best [23]. The use of an ammonium source decreases the 
aldehyde content of chloroprene synthesized from 3,4-dichloro-2- 
butene [24]. Dehydrogenation on Amberlite IRA-410 in the presence of 
dioxane o r  ethanol gives high purity chloroprene [25]. Chloroprene pro- 
duced by a continuous boiling process gave yields of 95% [26]. Several 
new catalysts have been used: a sulfonium compound, MgClz -pumice, 
mercaptans, ZnCb plus nitrobenzene, Ca(0H)z , powdered KOH, o r  al- 
coholic KOH [27-321. A new chloroprene synthesis is based upon the 
vapor phase chlorination of butadiene under carefully controlled condi- 
tions at 300°C. Both the reactants must be dry and essentially 02 free 
[33]. The physical properties of chloroprene are listed in Table 1 [34]. 



A n a l y s i s  -- 



An ear ly  method for detection of chloroprene utilized concentration 
in ethanol, burning the solution, absorbing the HCl produced in NHdOH, 
and titrating the C1. However, this method lacks sensitivity [35]. An- 
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TABLE 1. Physical Properties of Chloroprene 



Property Value 



Melting point, "C 



Boiling points, " c  
100 mm Hg 
300 mm Hg 
400 mm Hg 
500 mm Hg 
745 mm Hg 
760 mm Hg 
1370 mm Hg 



20/4"C 
Density 



2o/2o0c 
Refractive index, n, 20°C 



c line 
d line 
f line 



mm Hg 
Vapor pressure (where T = K), 



Critical temperature, "C 



Flash point (ASTM, open cup), "C 
Latent heat of vaporization 



cal/gm "C 
0 
60 



liquid, 0°C 
liquid, 20°C 
gas, 0°C 
gas, 100°C 



Thermal conductivity (where t = 
temp), gas cal/(sec) (cm' ) 
("C/cm) 



Average coefficient of volumetric 
expansion, 20-61°C 



Viscosity, 25"C, cP 
Dipole mement (in benzene), esu 



Dielectric constant, 27°C 
Ionization potential, V 



Specific heat, cal/( gm - "C) 



-130 * 2 



6.4 
32.8 
40.5 
46.9 
58.7 
59.4 
80 



0.9585 
0.9 583 



1.4 540 
1.4540 
1.4690 



loglo p = (1545.3/T) + 7.527 
261.7 
- 20 



79.5 
72.3 



0.297 
0.314 
0.187 
0.248 



2.410 X lo-'+ 0.0160 X lO-'t 



0.001235 
0.394 
1.42 X 



4.9 
8.79 
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156 HALEY 



other method utilized KI as an absorbent in the combustion phase, but 
sensitivity was  not improved [36]. 



A diazometric method for  chloroprene was used in 1937 [37]. A 
colorimetric method was developed, based upon solution in glacial 
acetic acid and the development of a yellow color in the presence of 
diazotized p-phenylenediamine. The color is stable for 20 min, but 
the methodqacks sensitivity [38]. Improvements made it possible to 
determine 0.01 mg of chloroprene in air [39]. Another colormetric 
method used absorption on silica gel, desorption with heat, coupling 
with p-nitrophenyldiazonium, and reading a t  380 nm. Sensitivity was 
0.005 mg [40]. A uv-spectrophotometric method using the band a t  
222.6 nm has been used in Soviet air pollution studies [41]. 



Gas chromatogra hy (GC) utilizing two columns filled with SiOz 



helium car r ie r  gas, and either tributylcitrate o r  1,2-ethanediol diben- 
zoate as the liquid phase gave good separations of chloroprene from 
other halohydrocarbons [42]. Sensitivity in the ppm range has been 
obtained with glass capillary columns and a triode AR detector [43]. 
A column of tr icresyl phosphate on Chromosorb P with a flame ioniza- 
tion detector has a sensitivity of 0.2 ppm [44]. A three-stage method 
employing diisodecyl phthalate on Chromosorb p-B, 8-oxydipropionitrile 
and diglycerol in the other stages also has been used in chloroprene de- 
tection [45]. Another useful column contained 10% PFMS-4 silicone on 
diatomite brick [46]. Gas chromatography has been used to monitor 
air in industrial buildings and in resin-latex production [47]. Impurities 
in chloroprene have been determined by GC with a column of 7% dibutyl- 
phthalate on Chromosorb W [48]. Chloroprene in air has been deter- 
mined by paper chromatography using Hg acetate as the reagent [49]. 
Gas chromatography is the most sensitive method for the determination 
of chloroprene. Automatic sampling equipment, such as is used to mon- 
itor vinyl chloride, can be used to check the air in the manufacturing 
plants. 



impregnated with 20 i; o 2,3-butanediol phthalate, a temperature of 85"C, 



B i o c h e m i s t r y  a n d  M e t a b o l i s m  



Intraperitoneal injection of chloroprene in rats caused decreases in 
liver antioxidant activity [ 501. Chronic inhalation of chloroprene for 1 
month by r a t s  resulted in an increase in lipid peroxides in the liver and 
spleen [ 511. Chloroprene in fish oil increases the peroxide number and 
decreases the iodine number [52]. Significant changes in the free gang- 
lioside content of the rat brain occur after chronic exposure to chloro- 
prene [53]. Levels of f ree  cerebrosides increase a t  the same time [54]. 
Chronic chloroprene exposure of ra t s  results in decreased blood and 
brain glucose, suppressed hexokinase and oxidising enzyme activity, 
hypoxia, increased brain lactic acid, decreased decarboxylation with 
increased pyruvic acid, and a thiamine deficiency [ 551. 
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CHLOROPRENE CARCINOGENICITY 157 



Hexokinase activity in the skin, kidneys, brain, and cardiac muscle 
decreased in chronic chloroprene intoxication of r a t s  [ 561. Urokinase 
and histidase activity in the liver decreased with a movement of the 
enzymes into the blood in r a t s  chronically poisoned with chloroprene 
[ 571. Glycine oxidase activity was also decreased [ 581. Cerebral  
glutamate level decreased, aspartate level increased, and alanine levels 
were unchanged in chloroprene intoxication [ 591. Under these same con- 
ditions, there was an increase in brain free ammonia [60]. After 2 
months of chloroprene poisoning, the NH3, glutamine, and amide group 
content of the brain increased [61], Prolonged exposure to chloroprene 
increases the alanine content of the brain [62]. Liver argininosuccinic 
synthetase, argininosuccinase, and arginase all decrease in chronic 
chloroprene intoxication [63]. Guinea pig l iver ornithine transcarba- 
moylase and carbamoylphosphate synthetase activity were also de- 
creased [64]. Chloroprene exposure decreased brain glutamine synthe- 
tase  and glutaminase in r a t s  [65]. Chloroprene also decreased the ac- 
tivity of glutamic-oxalacetic transaminase and glutamic-pyruvic trans- 
aminase in the r a t  blood, liver, kidney, and spleen [66]. Chloroprene 
inactivated cathespin in the l iver,  kidney, and brain by disulfide bond 
formation [67]. Chloroprene depressed the formation of sulfate from 
hyposulfite by liver enzymes in vitro and in vivo [68]. Adenosinetri- 
phosphatase activity in brain, liver, kidney, and heart was reduced after 
exposure to chloroprene [69]. After prolonged exposure to chloroprene, 
r a t  liver respiration was reduced 56.6% and that of brain 82.4%. Suc- 
cinic dehydrogenase activity in liver was reduced by 40.4% and in brain 
60.3%. The pyruvate oxidizing system of the liver was reduced by 22% 
while that of the brain was enhanced by 60% [70]. Both acid and alka- 
line phosphatases of the brain, liver, and kidney were depressed by ex- 
posure to chloroprene [ 511. Liver glycogen was reduced, and blood 
pyruvate was increased by chloroprene exposure [72]. Blood serum 
concentrations of sulfhydryl groups decreased, and thiol enzymes were 
blocked in humans with chronic chloroprene poisoning [73]. Serum Q- 



and P-globulins, blood fibrinogen, and cholesterol were depressed and 
the liver’ s detoxifying function was disturbed in chronic chloroprene in- 
toxication in humans [74]. No significant change was found in serum 
proteins of humans with chloroprene poisoning. [75]. Prolonged blood 
coagulation, increased oxidized glutathione, and disturbed blood acid- 
base balance occurred in chronic chloroprene intoxication in humans 
[76]. The sulfhydryl content of the r a t  brain was decreased by exposure 
to chloroprene [77]. Sulfhydryl content of the spleen also decreased 
PI .  



It has been suggested that chloroprene forms peroxides that interact 
with tissue thiol groups [79]. Studies have shown that chloroprene 
forms peroxides in vitro with positions 1 and 2 taking up oxygen [80]. 
It is postulated that chloroprene is probably handled in the body simi- 
larly to vinyl chloride and vinylidene chloride, Fig. 1 [81, 821. The 
mixed function oxidases could form the epoxide which would give rise 
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FIG. 1. Biotransformation Df chloroprene. 



to the aldehyde o r  combine with glutathione and eventually form a mer- 
capturic acid derivative. The known oxidation of chloroprene in posi- 
tions 1 and 2 as well as the decreased tissue sulfhydryl content support 
the postulated biotransformation shown in Fig. 1. 



I n d u s t r i a l  H y g i e n e  



The threshold limit value (TLV) for chloroprene in the United States 
is 90 mg/m3, while the maximum allowable concentration (MAC) in the 
Soviet Union is 0.25 mg/ms [83, 841. This is a good example of a major 
disagreement between the two countries in the area of'worker protection. 
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Factors concerned with occupational health must be considered when 
any new chloroprene plants are constructed in the USSR [85]. Even 
when ventilation is considered adequate, investigators in the USSR 
have found chloroprene levels of 20-25 mg/mg [86]. In a shoe factory, 
chloroprene was removed from the working a r e a  by installing an ex- 
haust hood over the equipment [87]. Screening plus ventilation elimi- 
nated chemical dermatitis in a chloroprene glove factory [88]. Chloro- 
prene was removed from waste water by adsorption on diatomite, Nur- 
nus, and Armenian clay, and passage through a mixture of Naz CO, and 
CaO [89]. 



A n i m a l  T o x i c o l o g y  



The oral  LDso's of chloroprene in mice and ra t s  a r e  260 and 251 
mg/kg, respectively; pathologic changes included hemorrhages and 
dystrophic changes in the central nervous system, lungs, kidneys, and 
spleen. Oral ingestion of 15 mg/kg/day by ra t s  for 5 months indicated 
a cumulative effect [go]. The chemical also is toxic to the cardiovas- 
cular system and liver, and adversely affects blood coagulation [91]. 
Intraperitoneal injection of 600 pmole/100 gm/day in ra ts  for 7 to 60 
days decreased the urocaninase and histidase activity of the liver, and 
it was suggested that peroxidation of chloroprene caused damage to the 
liver parenchyma [92]. Inhalation o r  intragastric administration of 
chloroprene to mice and ra t s  had a narcotic effect, induced initial ex- 
citement and anxiety, followed by apathy. Respiratory difficulties, oral  
foaming, nasal bleeding, gastrointestinal disorders, and convulsions 
were observed [93]. Oxidized chloroprene injected subcutaneously in 
ra ts  caused lung hyperemia and pulmonary edema. Chloroprene had a 
depressant effect on the isolated frog and rabbit heart. The chemical 
caused a decrease in oxygen carrying capacity of the blood, anemia, 
moderate leucocytosis, and an increased hematocrit [94]. Blood ascor- 
bic acid in dogs decreased after chloroprene exposure, and this vitamin 
decreased in the liver, kidney, adrenals, spleen, and heart of guinea 
pigs and rabbits [95]. Tissue thiosulfate decreased in chloroprene- 
poisoned rats [96]. High doses of chloroprene cause liver dysfunction 
and jaundice in the dog [97]. Chronic inhalation of chloroprene by mice, 
rats,  guinea pigs, and rabbits resulted in tissue accumulation of the 
chemical [98]. Exposure of dogs to 8 to 20 ml/liter of chloroprene 
caused jaundice, but kidney function was not impaired [99]. Chronic 
inhalation of chloroprene by dogs produced decreased blood glucose, 
increased blood pyruvate, excitation, mydriasis, convulsions, muscle 
atonia, hemoptysis, and narcosis with death from pulmonary edema 
[loo]. Changes occurred in higher nervous activity, the nerve cells of 
the cerebral  cortex, and brain vasculature. Blood cholinesterase ac- 
tivity decreased, and adrenal weight increased [ 1011. Brain cholines- 
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terase activity was also decreased by exposure to chloroprene [102]. 
Carbonic anhydrase in blood, gastric mucosa, and brain in ra t s  and 
rabbits is decreased after exposure to chloroprene [103]. Serum 
alanine-a-ketoglutarate transaminase in ra t s  is elevated by exposure 
to 4600 ppm of chloroprene [ 1041. Subcutaneous injection of 1 to 5 
doses of 0.5 p,l/kg of chloroprene in ra t s  caused hyperplasia in the 
lymph nodes, decreased lymphocytes, and atrophy of follicles in the 
spleen [105]. The chemical also decreases the number of antibody- 
forming cells in the ra t  spleen [106]. 



Exposure of male ra t s  to chloroprene caused decreased sperm 
motility, decreased the number of viable spermatozoids, lowered 
sperm resistance to acid pH, caused testicular atrophy, and increased 
the frequency of preimplantation embryonic death in females fertilized 
by such males [ 1071. Female ra t s  exposed to chloroprene for 7 months 
showed a sharp decrease in the number of primordial follicles with one 
layer of granulosa cells, an increase in the number of maturing follicles 
having from 2 to 4 o r  more layers of granulosa cells down to the graaf- 
ian follicles, an increase in the relative number of old corpora lutea 
because of retardation in their involution, an increase in the number of 
atretic follicles, and an increase in the volume occupied by the stroma 
of the ovary [108]. Exposure of pregnant mice and rats  to 0.0148 mg/ 
l i ter  of chloroprene caused partial damage o r  complete disintegration 
of their embryos; survivors had hematomas o r  cyanosis [log]. Preg- 
nant ra t s  inhaling 3-5 mg/m3 for 4 h r  daily throughout their pregnancy 
had high embryonal mortality, reduced fetal weight, and abnormalities 
in fetal vascular permeability [ 1101. Spontaneous motor activity was 
inhibited in pregnant ra t s  exposed to chloroprene [lll]. The chemical 
also increases prenatal and postnatal mortality and affects the post- 
natal development of the survivor [112]. 



Inhalation of 0.56 and 3 mg/ms of chloroprene for 6 months caused 
an intensification of conditional reflex inhibitory processes and attenua- 
tion of excitatory processes. There was damage to the cerebral  cortex, 
Ammon’ s horn, corpora quadrigemina, optic thalamus, and the pons. 
Hyperemia of the brain, cell shrivelling, pycnotic nuclei and karyolysis, 
and decomposition of the cytoplasm were observed [ 1131. There was 
significant delay in the reversal  of primary o r  secondary motor-defense 
conditional reflexes in r a t s  inhaling 0.001 mg/liter of chloroprene for 7 
months, but concentrations of 0.03 o r  1.4 mg/liter accelerated reversal  
of the conditional reflexes [ 1141. Rats exposed to chloroprene for 6 
months exhibited intense dystrophic changes in the cerebrum [115]. 
Chloroprene inhalation by ra t s  causes increased adrenal weight with 
hypertrophy and hherfunction of the zona fasciculata [ 1161. Dystrophic 
and atrophic changes are also seen with the development of adenoma- 
tous hyperplasia [117] . The cholesterol content of the adrenal glands 
increased, and hyperfunction occurred in chronic chloroprene intoxica- 
tion [ 1181. Chronic exposure to chloroprene caused prolongation of 
both the interestral  period and the estral period but decreased the num- 
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ber  of cycles in r a t s  [119]. These changes in e s t rus  were dose-re- 
lated and became more intense at higher concentrations [120]. 



Symptoms of chloroprene toxicity in mice, ra ts ,  cats, and rabbits 
include hypotension and abnormal albumin, reducing substances, and 
bile pigments in the urine [121]. Painting of r a t  and guinea pig skin 
with 25% chloroprene causes a reversible epilation [122]. Chloroprene 
depilates the skin so that the epidermis is no longer anchored to the 
corium by invaginated hair  follicles. There is also lysis of the hair  
sheaths [ 1231. 



H u m a n  T o x i c o l o g y  



Workers exposed to chloroprene vapors complained of pronounced 
compression in the chest behind the sternum and in the larynx, dyspnea, 
and palpitations [ 1241. Anesthesia, inflammation of mucous membranes, 
and edema of the eyelids have also been observed [91]. Examination of 
211 Soviet workers employed in the polymerization of chloroprene re- 
vealed the following symptoms: headache, 29.9; increased irritability, 
21.3; dizziness, 18.5; insomnia, 16.6; heart  palpitations, 15.6; and dys- 
pepsia, 15.1% [ 1251. Inhalation of chloroprene causes pathomorpho- 
logic changes in the periodontium [126]. These pathologic changes were 
peridontitis, 49.1; gingivitis, 22.2; erosion of teeth, 17.1; and caries,  
4.5% [127]. Chloroprene decreases  the total protein and sulfhydryl 
amino acids in mother 's  milk [ 1281. The usual and forced-vital capa- 
city of 56 chloroprene workers was not affected by the chemical [129]. 
Chloroprene causes asthenic and neurasthenic reactions, conjunctivitis, 
laryngotracheitis, bronchitis, hypotension, and gastritis. There is also 
hepatomegaly with a decrease in l iver function tests. Dystrophy of the 
myocardium, toxic hepatitis, and changes in the nervous system occur 
in chronic chloroprene intoxication [ 1301. Chloroprene caused acute 
alopecia in four of s ix  Czech workers [131]. Temporary hair  loss oc- 
curs  in neoprene rubber workers from inhalation of chloroprene. The 
hair follicles and sebaceous glands disappear, and the epidermis thick- 
ens. The free sulfhydryl groups of glutathione are inactivated by chloro- 
prene as is the vital sulfhydryl enzyme, succinic dehydrogenase [132]. 
Hair regrowth begins when exposure is terminated [ 1331. 



Blood glucose, cholesterol, and total protein and i t s  fractions are low- 
e red  in chloroprene workers [135]. Soviet children exposed to 0.3 to 
0.48 mg/liter of chloroprene excreted increased quantities of 17-keto- 
steroids in their urine and exhibited a chemically caused diuresis [ 1361. 
Chloroprene inhalation increased blood acetylcholine and inhibited 
cholinesterase in workers [137]. Blood histamine increased and hist- 
aminase activity decreased in 103 Soviet workers exposed to chloro- 
prene, and such changes could be related to the duration of exposure. 
There is a dysfunction of both the central and peripheral nervous sys- 



Exposure to chloroprene reduces blood sugar levels in workers [134]. 
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tems, in particular the cholinergic branch, during chronic chloroprene 
intoxication 11381. Blood histamine increased 7 to 16% and histaminase 
decreased 0.06 to 0.3% in 49 of 52 chloroprene workers [139]. Patho- 
logic changes in the cardiovascular and nervous systems were observed 
in 44% of patients with chronic chloroprene poisoning [ 1401. Chloro- 
prene caused desynchronization of the brain 0-rhythm [141]. Electro- 
encephalograms of 70 chloroprene workers showed disturbances in ff- 
rhythm, prevalence of tachyrhythmia, o r  slow A-activity. Depression 
of electrical activity, sharp waves and phase shifts, and disorder in 
bioelectric rhythms were also observed. The visual analyzer showed 
a high reactivity in the cerebral  cortex in only 11.4% of these workers 
with low reactivity in 75% of them [142]. 



sulted in low immunologic reactivity and no increase in phagocytic ac- 
tivity [ 1431. Cytogenetic analysis of somatic cells in chloroprene 
workers, age 23 to 59 years,  showed aberration of both the chromo- 
somal and chromatid types. There was no relationship between the 
t imes of total exposure and the frequency of chromosomal aberrations 
[ 1441. Chloroprene mutagenicity was demonstrated by exposing S. 
typhimurium TAlOO strain to the chemical either alone o r  in thepres-  
ence of 9000 gm liver supernatant [145]. 



Immunization of 208 chloroprene workers with typhoid vaccine re- 



C a r c i n o g e n i c i t y  



Subcutaneous injection of chloroprene in mice both before and after 
transplantation of Crocker' s murine sarcoma resulted in acceleration 
of tumor growth. It was suggested that this stimulation of tumor growth 
was related to chloroprene' s immunosuppressant activity [146]. 



Examination of 24,989 patients over the period 1956 to 1970 resulted 
in finding 137 cases of skin cancer. Table 2 gives the various groups 
examined and shows that the chloroprene group has the highest skin can- 
cer  incidence, followed by the people working with chloroprene deriva- 
tives. The neoplasms were found most often on the face, neck, nose, 
and hands and were associated with chronic dystrophic o r  inflammatory 
skin conditions. The investigator suggested that chloroprene was a car- 
cinogen o r  cocarcinogen toward human skin [ 1471. 



led to the discovery of 87 cases of lung cancer. There were 18 cases  
having direct  and prolonged exposure to chloroprene and 16 cases with 
exposure to chloroprene latexes. The total breakdown by group is 
given in Table 3. There can be little doubt that prolonged exposure to 
chloroprene and i t s  derivatives car r ies  a certain r isk,  but without an 
epidemiologic survey in chloroprene workers in other countries we can- 
not state how great this r isk really is [148]. Moreover, previous sur- 
veys in the United States indicated no unusual incidence of cancer among 
chloroprene workers [149]. 



Examination of 19,979 workers during the time interval 1956 to 1970 
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D I S C U S S I O N  A N D  C O N C L U S I O N S  



A review of the l i terature on the toxicology of chloroprene reveals 
certain areas requiring further research  effort to clarify the i ssues  
raised. Studies should be undertaken to elucidate the metabolic fate 
of chloroprene in various animal species with emphasis on the various 
intermediates produced by the t issue mixed function oxidases, the con- 
jugation products produced and the routes of excretion. In particular,  
metabolic studies should include workers  in the chloroprene industry. 
Further,  LDsO studies in various species via different routes of admin- 
istration should be undertaken with the view of evaluating possible de- 
layed toxicity. More information must be developed on the central, 
peripheral  and automic nervous systems. Emphasis must be placed on 
neurohumoral mechanism of action of chloroprene. Teratological 
studies should be done to clarify the present lack of confirmation be- 
tween various investigators. Workers in the chloroprene industry 
should be examined with a good clinical protocol to determine dental 
and nervous system effects and evaluate the par t  actually attributable 
to chloroprene exposure. Fur ther  carcinogenicity studies should be 
undertaken in various animal species to prove o r  disprove the sugges- 
tion that chloroprene is a carcinogen o r  cocarcinogen. World wide 
epidemiological studies of workers  in the chloroprene industry should 
be undertaken to ascertain the validity of the Soviet repor t s  of chloro- 
prene carcinogenicity in humans. Eating, drinking, smoking and other 
factors which could influence the resu l t s  obtained must be included. 
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ABSTRACT
The assessment of health risks due to low levels of expo-



sure to potential environmental hazards based on the results
of toxicological experiments necessarily involves extrapola-
tion of results obtained at relatively high doses to the low
dose region of interest. In this paper, different statistical
extrapolation procedures which take into account both time-
to-response and the presence of competing risks are com-
pared using a large simulated data base. The study was
designed to cover a range of plausible dose response models
as well as to assess the effects of competing risks, background
response, latency and experimental design on the perfor-
mance of the different extrapolation procedures. It was
found that point estimates of risk in the low dose region may
differ from the actual risk by a factor of 1000 or more in
certain situations, even when precise information on the
time of occurrence of the particular lesion of interest is
available. Although linearized upper confidence limits on
risk can be highly conservative when the underlying dose



response curve is sublinear in the low dose region, they were
found not to exceed the actual risk in the low dose region by
more than a factor of 10 in those cases where the underlying
dose response curve was linear at low doses.



/. INTRODUCTION
Concern over the possible adverse health effects of poten-



tially hazardous substances in the environment has led to
increased efforts to determine the extent of risk posed to man.
One of the most frequently employed methods for assessing
risk is the long-term animal bioassay (OTA, 1981), in which
laboratory animals are exposed to the risk factor of interest
throughout the major portion of their lifespan. Because such
studies are necessarily conducted using doses far in excess of
anticipated human exposure levels in order to obtain observ-
able rates of response, it is necessary to extrapolate these
results downward to the low dose region of interest.



Dose Response Curve P(dlt) = P(t ;d)
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FIG. 1. Probability of Response P(t;d) as a Function of Time t and Dose d.
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BIOLOGICAL AND STATISTICAL IMPLICATIONS OF THE ED01 STUDY



TABLE 1
Possible Experimental Outcomes in a Cancer Bioassay



Outcome



1



2



3



4



S



Cause of Death'



S



s
c
c
T



Tumor Absent (0)
or Present (1)
at Necropsy



0



1



0



1



1



Available
Response
Times"



T,
T,, T,
T<
T,, T,
T,, T3



Condition



T3 > T,, T, > T,
T» > T, > T,
T, > T,, T, > T,
T3 > T<; T, > T« >
T< > Ts, T, > T,



T,



"S = Sacrifice, C = Competing Risk, T = Tumor.
"Assuming the time-to-tumor Ti is observable.



The problem of low dose extrapolation requires the use of a
statistical model relating the probability of response of interest
occurring to the administered dose level (Cornfield, 1977;
Krewski and Van Ryzin, 1981). Since the time at which an
adverse effect occurs is also an important consideration in
quantitative risk assessment, it is important that the statistical
models used for low dose extrapolation take into account the
effects of time as well as dose (Crump at al., 1981; Farmer at
al., 1982; Van Ryzin, 1981). Such temporal data is not only
useful in the extrapolation process, but also provides for char-
acterizations of risk which may better reflect longitudinal
effects (Sielken, 1981).



In order to study the behavior of different statistical extrapo-
lation procedures in the low dose region of interest, a large
data base of simulated bioassay data was created and ana-
lyzed using existing statistical techniques. The advantage of
the simulation approach is that the shape of the underlying
dose response curve used to generate the data is known and
provides a yardstick against which to gauge the performance
of the different extrapolation procedures used. An important
feature of this study is that information on time-to-occurrence
of the response of interest and the subsequent time-to-death is
available for use in the extrapolation process.



The results in this paper were originally presented on
September 14,1981, at the Workshop on Biological and Statis-
tical Implications of the EDoi Study and Related Data Bases
sponsored by the Society of Toxicology and the National Center
for Toxicological Research. Prior to the meeting, D. Krewski
distributed 46 sets of computer-generated bioassay data to K.
Crump and R. Howe, D. Gaylor and J. Farmer, C. Portier, D.
Salsburg, and R. Sielken, who analyzed the data independently
and presented their findings at the Workshop. Although the
present report was drafted by D. Krewski and J. Van Ryzin after
the meeting, all of the participants in this study have since
reviewed its contents.



The underlying structure of time-to-response data and the
statistical models used in generating the simulated data base
are described in section 2, with the overall design and objec-
tives of the simulation study outlined in section 3. The statisti-
cal procedures for low dose extrapolation used in analyzing the
simulated data are described in section 4. (The reader uninter-
ested in the technical details involved in model fitting need
refer only briefly to section 4.2.) The results of this analysis are
presented in section 5, with our main conclusions summarized
in section 6.
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FIG. 2. Dose Response Curves for Experiment 1 in the Absence and Presence of Competing Risks.
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TABLE 2
Possible Error Distributions for the Log-Linear Model



Distribution
of Response Times



Error
Distribution Density f(w) Distribution F(w)



Lognormal
Log-logistic
Weibull



Normal



Logistic



Extreme value



f(w) - * '(w)



e"7(l + e'f + e")
1-e"



2. STATISTICAL MODELS FOR
TIME-TO-RESPONSE DATA



2.1 Time-to-response data
Let P(t;d) = Pr | T < t |d | denote the probability that the



random time T to occurrence of particular response is less than
t at dose d and let p(t;d) = dP(t;d)/dt. The probability of not
observing a response by time t is then given by the survivor
function Q(t;d) = 1 - P(t;d) while the time-specific incidence
rate is given by the hazard function X(t;d) = -d log Q(t;d)/dt. At a
given dose d, the hazard function specifies the rate of response
among individuals not affected at time t.



As illustrated in Figure 1, P(t;d) may be represented as a
response surface depending on both time t and dose d, with
P(t;d) increasing in both t and d. (At a given time t, the curve
defined by P(d |t) = P(t;d) defines the dose response relation-
ship for the response of interest.) Thus, the risk P(t;d) may be
reduced by decreasing either the exposure time t or the dose d.



In the analysis of time-to-tumor data, several different
responses are of interest. We let Ti denote the time from the
start of the study until a histologically detectable tumor occurs,
Tj denote the consequent time until death, and T3 denote the
time from the start of the study until death as a result of tumor
occurrence. We will also let T< denote the time from the start of
the study until death from other causes (competing risks) such
as natural mortality, T5 = min(T3,T<) denote the actual survival
time and T9 denote the scheduled sacrifice time. The distribu-
tion, density, survivor and hazard functions associated with
the i"1 response time Ti will be denoted by Pi, pi, Qi and Xi,
respectively (i = 1 6).



Not all of the latent failure times Ti T» are of course
observable in any one case. If T< < Ti, for example, the time-
to-tumor Ti is censored due to an earlier death occurring at
time T4 as a result of some competing risk. Nonetheless, it will
be helpful to consider these quantities at least in conceptual
terms in order to describe the generation of the simulated data
base. Within this framework, it is possible for an animal to die
either as a result of a scheduled sacrifice, a competing risk or
the occurrence of a tumor. In addition, an animal may or may
not have developed a tumor by the time of death. The possible
experimental outcomes defined in terms of the cause of death
and the presence or absence of a tumor at necropsy are sum-
marized in Table 1.



Spontaneously occurring tumors may be assumed to occur
either independently of those induced as a result of exposure
to the test compound or additively in a mechanistic manner
(Hoel, 1980). Letting Tn and Tu denote the respective induc-
tion times for these two types of tumor, we have Ti =
min(Tu,Tu). The application of this two-mechanism framework
in the case of the remaining latent failure times is described in
detail in Appendix A.



We note for future reference that while Pi(t;d) specifies the
probability of a tumor occurring by time t in the absence of
competing risks, the probability of actually observing a tumor



in an animal dying during the course of the study or killed in the
terminal sacrifice at time Te = t is given by



Pf (t;d) = P, (t;d) - £ P< (u;d) p, (u;d) du (2.1)



in the case of independent competing risks. More generally,
since



Pf (t;d) = Pr |T, < T<, T, < t| < Pr |T, < t| = P, (t;d) , (2.2)



the probability of observing a tumor in the presence of compet-
ing risks is necessarily less than that in the absence of
competing risks (Figure 2).



2.2 Time-to-tumor models
Statistical models for time-to-occurrence data may be



classified into several broad categories, including log-linear,
multi-event, compartmental and proportional hazards models
(Kalbfleisch et al,, 1983). The particular models selected for
use in generating the simulated data base are described in
general terms below, with the actual model parametrizations
detailed in Appendix B.



Log-linear models
Under the log-linear model, the logarithm of the response



time T is assumed to follow the linear model



log (T-A) - a + 0 log d + aW . (2J)



Here, A > 0 denotes the minimum possible response time; a,
fi < 0 and a > 0 are constants; and W is a random error term
with cumulative distribution F(w). Letting z(t;d) = [log(t-A)-(or +
/3logd) ]/a, the corresponding distribution and hazard functions
are given by



fF(z(t;d))



l 0
( t>A)



<t<A,
(2.4)



and



Mt;d)=
o(t-A)



f(z(t;d))
z(t;d)



(t>A)



(t<A)
(2.5)



where f(w) = F' (w) denotes the error density function.



Such log-linear models have been previously applied in the
analysis of failure time data (Kalbfleisch and Prentice, 1980).
When the distribution of the error term W is normal, moreover,
the log-linear model corresponds to that considered by
Druckrey (1967). In this case, the response timeT is assumed
to be log-normally distributed with median m satisfying the
Druckrey equation mkd = c > 0 where k > 1 and the geo-
metric standard deviation a is independent of the dose d. This
corresponds to (2.3) with a = k'log(c) and /3 = -1 /k. Other pos-
sible error distributions are given in Table 2 (Chand and
Hoel, 1974).
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The general product model
Under the general product model



P(t;d) =
l-exp{-g(d)H(t)|



0



(t>A)
(t < A) ,



(2.6)



where g(d) = IU aid' and H(t) = lU /3it" with <*, ft > 0 and
I ft = 1. The corresponding hazard function is given by



X(t;d) = g(d)h(t) (2.7)



where h(t) = H'(t).



TABLE 3
Summary of Experiment Situations Simulated



Experiment



1



2



3



4



5



6



7



8



9



10



11



12



13



14



15



16



17



18



19



20



21



22



23



Shape of
Dose-Response



Curve at
Low Doses



Sublinear



Linear



Sublinear



Linear



Linear



Linear



Sublinear



Linear



Sublinear



Linear



Linear



Linear



Linear



I
Linear



Leading
Term in
Hazard



Function



t



1
t5



1
t



I
t5



1
t



t6



t3



t



t



t



t3



t



t



i
t



Tumor
Lethality'



M



R



M



R



M



R



M



R



M



R



M



1
i
M



M



M



M



M



M



1
M



Curvature
in Dose-
Response
Curveb



M



M



M



L



M



H



M



M



M



M



M



M



M



Design1



D,



D,



D,



D,



Di



D>



D,



D,



D j



D,



D«



Da



Time-to-Tumor
Model"



GP



GP



GP



GP



PH (Weibull baseline)



LL (Weibull)



LL (Lognormal)



LL (Log-Logistic)



LL (Weibull)



GP



GP



GP



1
GP



'M = Moderate (median = 130 days)
R = Rapid (median = 30 days)



bL = Low
M = Moderate
H = High



cDi = 5 equally spaced doses, balanced allocation
Di = 5 equally spaced doses, unbalanced allocation
Dj = 3 equally spaced doses, near-balanced allocation
D< = 3 equally spaced doses, unbalanced allocation
Ds - 5 equally spaced doses, balanced allocation, 25% sacrificed at 500 days.
GP = General product
PH = Proportional hazards
LL = Log-linear
Notes: (i) Moderate competing risks (50% and 90% mortality at 500 or 900 days, respectively) for all but Expt. 9.



(ii) Background tumor rate is 8% at 900 days for all but Expt. 10 and Expts. 16 and 17.
Background tumor rate is 1% for Expt. 10 and 6.8% and 6.3% for Expts. 16 and 17, respectively.
(This is due to the fact that the error distributions in Expts. 16 and 17 were standardized so as to have the same
mean variance as Expt. 15.)



Background is additive for Expt. 18 and independent otherwise,
(iii) Minimum tumor induction time is zero for all but Expt. 19.



Minimum tumor induction time is 300-500 days for Expt. 19.
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TABLE 4
Summary of Main Comparisons Made in Analyzing the Simulated Data Base



Comparison
Contrast Among Experiments



1. Dose response curve (linear vs. sublinear at low dose)
2. Hazard function (steep vs. shallow)
3. Tumor lethality (rapid vs. moderate)
4. Competing risks (dose-dependent vs. moderate)
5. Background (8% vs. 1% in absence of competing risks)
6. Curvature in dose response curve (linear trend: low-high)



(nonlinear trend: Low-medium-high)
7. Time-to-tumor model (LL Weibull vs. PH Weibull)
8. (LL Weibull vs. LL Probit)
9 (LL Probit vs. LL Logit)



10. Background (additive vs. independent)
11. Minimum induction time (threshold vs. nonthreshold)
12. Number of dose groups (five vs. three)
13. Allocation (unbalanced vs. balanced)
14 Sacrifice (interim vs. terminal only)



[(Es



[(E3



E,



[(Ei + E, +



E7 + E«) - (E,



E7 + Ea) - (E,



Ee + Ea) - (E,



E,



Es



Ej



E, - E,
Ea - E,o
E,, - E13
[2E,j - (En + E,3)]/2
En - EH



El5 - El8



En - En



En - En



En - En



[(Es + E20) - (EJI + E o ) l / 2



[(Eio + Ea) - (Ea + Ej , ) ] /2



Ea - E,



E3



Ea E»)]/4



E 7 ) ] /4



"Ei denotes the value of some summary statistic averaged over the two replicates of experiment i = 1,...,2J
bSE of a contrast is given by S £??, (xf/2)1'2, where Sa = 1™, (A?/2)/23and A< - E,i-Eu denotes the difference i
the summary statistic between replicates.



23.
in the value of



Hartley, et a/., (1981) provide two biological foundations for
this model. (The term general product refers to the fact that the
hazard function in (2.7) factors into separate functions of
dose any time.) The first formulation reflects a dynamic or
compartment-analytic framework in which each compartment
involves a large number of cells and certain restrictions are
imposed on the deterministic transfer of the carcinogen from
compartment to compartment and on the stochastic transfor-
mation of a normal cell to a cancerous cell. In the second
formulation the administration of the carcinogen leads to a
series of attacks on the target tissue.



The proportional hazards model
The hazard function for the proportional hazards model con-



sidered by Cox (1972) is given by



X(t;d) =
X0(t)expizfi]



0



(t > A)



<t< A)
(2.8)



where X0(t) > 0 is an unspecified baseline hazard function,
Q = (/3i £P)T is a vector of constants and z= (zi, zp) is a
vector of regression variables which are functions only of dose
(e.g.. z = (d, log d)). Since z is independent of time, X(t;di) is
proportional to X(t;dj). The corresponding response time dis-
tribution is given by



P(t;d) =
( t>A)



( t < A)
(2.9)



where Qo(t) = exp|-jT'x (u)du|



3. DESIGN OF THE SIMULA TION STUDY
The generation of simulated experimental data on time-to-



tumor necessarily involves making certain assumptions con-
cerning the underlying mathematical model used to describe
the carcinogenic process. Similar assumptions are also re-
quired to accommodate mortality due to competing risks.
Because the biological mechanisms governing tumorigenesis



are not adequately understood (Toxicology Forum, 1982), it
could be argued that specific assumptions may be unwar-
ranted. Nevertheless, we feel that the models selected for use
in our study are not implausible. As will be seen iater,
moreover, the major conclusions derived from this study are
not likely to be critically dependent on the actual models
employed in generating the simulated experimental data.



Another major consideration in the generation of the simu-
lated data base is the variety of different experimental situ-
ations covered and the number of replicates of each experiment
analyzed. Different experimental situations are necessary in
order to reflect a variety of plausible biological effects, such
as linearity and sublinearity of the dose response relationship
in the low dose region or different rates of tumor occurrence
with time. Replication of the same experimental situation,
on the other hand, provides a means of assessing the random
experimental error resulting from the fact that data for only
a sample of test animals is analyzed in each replicate. In order
to keep the data base of manageable size, we elected to
simulate 23 carefully selected experimental situations and
generate two replicate data sets for each of these situations.
This permitted coverage of a fairly broad range of plausible
experimental conditions and yet allowed some assessment of
experimental error.



The 23 experimental situations considered are summarized
in Table 3. The time-to-tumor models include the general
product, log-linear and proportional hazards models discussed
in section 2. These models may be linear or sublinear at low
doses and exhibit low, moderate or high curvature at higher
doses. The corresponding hazard function increased in accor-
dance with something between the first and fifth power of
time. The subsequent time-to-death was assumed to follow a
Weibull model throughout, with the median survival after
tumor onset being either 30 or 130 days.



The spontaneous response rate Pi(t;O) in the absence of
competing risks was fixed at 8% at t - 900 days, except in the
case of experiments 10, 16 and 17. (In experiment 10, the
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background rate of response at 900 days was taken to be 1 %. In
experiments 16 and 17, the spontaneous rates were 6.8% and
6.3%, respectively, due to the fact that the error distributions in
these two cases were standardized so as to have the same
mean and variance as in experiment 15.) Independent back-
ground was assumed throughout, except in experiment 19. The
expected response rate Pi(t;d) in the absence of competing risks
at the maximum tolerable dose or MTD (d = 1) was 60% at
t = 900 days in all cases, except experiments 16 and 17. (Here,
the error distribution for both spontaneous and induced tumors
were standardized to have the same mean and variance as
those in experiment 15. This resulted in response rates of
64.6% and 65.9% at the MTD in these two cases, respectively.)
The minimum tumor induction time was to be zero, except in
experiment 19 where A ranged from 300-500 days.



Deaths due to competing risks were assumed to follow an
independent Weibull model throughout, with expected mortal-
ity values of 50% and 90% in all cases, except experiment 9.
There, competing risks were taken to be dose-dependent with
75% and 99% mortality expected at 500 and 900 days, respec-
tively, at the highest dose.



In most cases, the experimental design used involved five
equally-spaced dose levels (d = 0,1 /4 ,1 / 2 , 3 / 4 and 1) with 48
animals per dose. Such experiments would generally be con-
sidered relatively large by current standards (ILSI, 1983). In
view of the recent interest in developing improved experimen-
tal designs for bioassay studies (Krewski et a/., 1983; Portier
and Hoel, 1982), however, other designs involving fewer dose
levels, unbalanced allocations and interim sacrifices were also
considered (see experiments 20-23). The 23 experimental
situations studied were selected so as to permit the compari-
sons listed in Table 4.



The results for replicates one and two of experiment 1
(shown in Tables 5A and 5B, respectively) illustrate the type of
data generated for analysis.1 In the first replicate of experiment
1, for example, only two animals at the highest dose
survived to the terminal sacrifice at 900 days; one of these
animals had a tumor which had developed after 878 days on



'Botha listing and computer tape of the complete simulated data base a re available at
cost on request from: Dr. Daniel Krewski. Environmental Health Directorate.
Health and Welfare Canada. Ottawa. Ontario. Canada KIA0L2.



TABLE 5A
Simulated Time-to-Tumor Data from Replicate 1 of Experiment 1



Dose
Cause of
Death"



Tumor
Absent (0)
Present (1)



Number of
Observations Time-to-Tumor, Time-to-Death



1/4



1/2



3/4



S



C



c
T



s
s
c



T



s
c



c
T



S



C



C



T



S



S



c



c
T



1



0



0



1



1



0



0



1



1



0



1



0



1
1



7



39



1
1



5



1



40



2



4



42



1



1



3



41



1



3



1



1



36



4
6



900 900 900 900 900 900 900



159 854 315 683 479 156 589 384 580 265 493
258 743 544 656 828 360 S12 262 27 51S 582
411



494 289
788 701
816 442



671/707
336/475



900 900 900 900 900



805/900



164 362
756 394



398 708 385
287 642 406



787 510
305 459
318 584



180/254



900 900



129 693
418 485
530 266



577/708



185/307



900 900



618 569
228 461
576 231



487 850 671 425 380 655 161 565 739 491 395
42 618 478 495 419 339 227 453 452 267 622
464 146



380/556



900 900



258 219 314 591 190 261 207 46 867 166 813
607 482 183 667 875 458 354 616 583 235 566
172 44 232 246



900



198 468 438 235 422 499 364 739 364 243 238
452 417 375 520 721 556 371 876 591 369 340
397 259 515



613 814
387 162



437 875
604 702



753 300 432
512 345 245



900 496 326
299 633 657



103 795
778 341



598 801 675
225 248 437



136/216



430/653 639/728 337/514



900



878/900



266 454 98 258 824 317 575 349 506 472 471 260 519
313 83 452 701 725 311 190 216 496 170 442 366 258



348/426 239/337 294/315 819/838
325/466 497/569 240/346 534/706 491/546 598/679



393 384
193 347



708 666 425
168 421 296



*S = Sacrifice C = Competing Risk T = Tumor
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TABLE 5B
Simulated Time-to-Tumor Data from Replicate 2 of Experiment 1



Dose
Cause of
Death"



Tumor
Absent (0)
Present (1)



Number of
Observations Time-to-Tumor, Time-to-Death



1/4



1/2



3/4



S



c



c
T



s
c



c



s



c



c



T



s
c



c
T



C



C
T



3



41



1
3



1



46



1



3



39



2



4



3



35



2



8



34



4
10



900 900 900



303 374
601 434
399 832



561/721
436/515



900



227 681
105 567
531 720



597/602



900 900



201 817
595 550
451 206



196/339



149/319



900 900



630 635
619 307



426/472



12/201



430 249
305 325



164/217
352/442
427/631



203 143 678 586 894 747 237 554 692 287 676 346
175 209 482 273 625 742 318 502 545 854 631 843
532 208 473 525 329



191/331 265/314



628 876 347 741 282 458 256 236 640 498 396 609
380 482 318 341 262 312 429 320 719 658 398 200
409 640 703 233 289 451 461 449



571 258 876
519 700 651



753 510 485 706
544 355 674 431



900



682 654
437 552
816



612 484 366 394 578 292 441 176 391 220
441 665 737 328 741 323 689 236 491 555



555 238 316 291
755 451 729 341



246/329



393/481 432/478 519/638



900



150 401 351 510 704 165 378 502 456 636 195 158
517 206 334 414 647 423 668 267 518 780 104 172



587 310 607 165
499 389 295



680/694



357/512 268/398 323/469 322/479 451/581 149/262 499/568



317 523
361 355



492/527
379/425



580 533 506 356 475 549 432 467 321 330
586 535 677 468 177 256 378 88 243 292



397 595 359 368
390 402



443/526 165/231
504/642 570/709 34/172 245/428 381/514 663/739 724/812



*S = Sacrifice C = Competing Risk T = Tumor



test. Thirty-six animals died of competing causes between 83
and 824 days on test without developing tumors. Four animals
who had developed tumors subsequently died of competing
causes while six animals died due to tumor occurrence. In
total, 2/48, 3/48, 2/48, 4 /48 and 11 /48 animals developed
tumorsduringthecourseofthestudyatdosesd - 0 ,1 /4 ,1 /2 ,
3/4, and 1, respectively.



The dose response curves Pi(d|t) = Pi(t;d) in the absence of
competing risks for experiment 1 are shown in Figure 2A for
t = 500, 700 and 900 days. These curves are sublinear at low
doses and exhibit only moderate curvature at high doses.
Because the hazard function is increasing only in proportion to
t, moreover, the shape of the dose response curve does not
change markedly with time. The dose response curve Pf
(d|t) = Pf (t;d) in the presence of competing risks is shown in
Figure 2B for t = 900 days. Note that Pf (d|t) < Pi(d|t) due to
the fact that in the former case many animals will be removed
from the population at risk as a result of competing risks prior
to tumor development.



4. ANALYSIS OF THE SIMULATED DATA BASE
In the absence of a population threshold dose below which a



tumor will not occur at any time, a virtually safe dose of VSD do
at time t may be defined simplicity by



= n(do|t), (4.1)



where FI(d|t) = Pi(d|t) - Pi(O|t) denotes the excess risk over
background at dose d and n0 denotes some suitably small
increment in the spontaneous response rate Pi(0|t)(see Figure
3). Given an estimate P i (d|t) of Pi(d|t), a corresponding esti-
mate d \ of the VSD do can be obtained as in (4.1).



In this section, a number of existing statistical methods for
estimating virtually safe levels of exposure are discussed.
Included are procedures which utilize information on the time-
to-response as well as those based simply on the proportion of
animals responding by the end of the study.



4.1 Statistical models
In its simplest form, the Hartley-Sielken model (Hartley and



Sielken, 1977) corresponds to the general product model



P(t;d) = 1 - exp{-g(d)H(t)l ,



with g(d) = i aid1 and H(t) = 1 0tt' (oi, 0i > 0, tp\ - 1)
O l



(4.2)



being polynomial functions of dose and time, respectively. The
multistage model (Crump et a/., 1976) is of the same general
form



P(t;d)= 1-exp{-g(d) A (t)) . (43)
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Probability of



Response P, ( d , t )



Acceptable
Increment II



in Background
Response



Dose d



Virtually Safe Dose d .



FIG. 3. Determination of a Virtually Safe Do9e at Time t in the
Presence of Background Response.



In the nonparametric multistage model (Daffer et al., 1980),
A(t) is an arbitrary increasing function, whereas in the multi-
stage Weibull model (Crump ef al., 1981) A(t) is assumed to
have the Weibull form A(t) = (t-A)", (A > 0, 0 > 0).



The NCTR linear extrapolation procedure given by Gaylor
and Kodell (1980) and modified by Farmer et a/(1982) was also
employed. This procedure involves extrapolating linearly from
an upper confidence limit on the excess tumor risk using the
multistage model in (4.5) below fitted to time-adjusted tumor
incidence data discussed in section 4.2. The extrapolation is
done either from the lowest experimental dose or the dose
estimated to produce an excess risk of 1% (whichever is
higher), and is intended only to provide an upper limit on risk
for dose response curves which are either linear or sublinear
in the low dose region.



In addition to these time-to-response models, several quanta I
response models were fit to the tumor incidence data in the
simulated data base. A general class of quantal response
models is given by



P(d|t)= (4.4)



(o <y < 1 , 0>O, 5>0), where 6 = 0 or y - 0 in the case of
purely independent or purely additive background, respectively,
and F is any cumulative distribution function (Krewski and Van
Ryzin, 1981). In particular, F(x) = <t>(x) and 1-exp(-ex) for the
probit and Weibull models, respectively. A linear extrapolation
procedure which involves extrapolating linearly from the 1%
or 10% excess risk point on the fitted Weibull curve was also
applied (Van Ryzin, 1980).



The multistage model in the quantal case has the form



P(d|t) = 1 - exp|- X aid1



l 0
(4.5)



(ai > 0), with A(t) simply absorbed into each a, as a multiplica-
tive constant (Crump, 1979). The simpler linear-quadratic
model



P(d|t) = 1 - exp(-(o0 + aid + a2d
2)) ,



with no constraints on the a, was also considered.



(4.6)



4.2 Model fitting: point estimates and confidence limits
The Hartley-Sielken model was fit by maximum likelihood



using a computer program called MRS. T. (Hartley and Sielken,
1978a). In analyzing the simulated data, a and b were set equal
to 4 (one less than the number of dose levels), except in experi-
ments 21 and 22, where a was set equal to 2 because only
three doses were used. In order to construct a 95% lower
confidence limit for the VSD do, the original data for each
simulated experiment were sampled with replacement G-1 = 4
times to form a total of G = 5 data sets of the same general
structure. Letting 9i = log d\ , where d\ denotes the estimated
VSD based on the original data and rl j do the corresponding
estimates based on the G-1 additional data sets, an approxi-
mate 95% lower confidence limit on do is given by



= exp["yi - (4.7)
X G



where S2 = I (9i -'y)2/(G-1),V = S y V G and tC-i denotes the
95th percentage point of the t distribution with G-1 degrees of
freedom. An empirical justification for this method is given in
Hartley and Sielken (1977b).



Maximum likelihood estimates of the parameters in the mul-
tistage Weibull model were obtained using RANK 81 (Crump ef
al., 1981) with a = 4 in all experiments except 21 and 22
where a = 2. Lower confidence limits on the VSD were
obtained by finding an upper limit on the linear term a> in dose
consistent with the likelihood of the observed data (Crump,
1 981). Estimates for the nonparametric multistage model are
based on the procedures described by Daffer ef al. (1980),
using a stepwise approach to choosing k in order to obtain
lower confidence limits (Crump ef al., 1981).



Maximum likelihood estimators of the parameters in the
probit and Weibull quantal response models were obtained
using RISK 81 (Kovar and Krewski, 1981), with lower confi-
dence limits on the VSD obtained based on the asymptotic
distribution of log £„ (Krewski and Van Ryzin, 1981). This same
procedure was used to obtain both point estimates and lower
confidence limits on the VSD using linear extrapolation from
the 1% and 10% excess risk points of the fitted Weibull model.
Point estimates for the multistage model were obtained using
GLOBAL 79 with lower confidence limits on the VSD again
based on an upper limit on oi (Crump, 1981).



TABLE 6
Likelihood Construction for Different Analyses of Time-to-Tumor Data



Cause
of



Death



S
S



c
c
T



Tumor
Absent (0)
Present (1)



0
1
0
1
1



Ai. Tlme-to-Tumor*
(observable)



Q(T6';d)
p(T,;d)
Q(TJ;d)
p(T,;d)
p(T,;d)



Contributions



As. Tlme-to-Death
from Tumor



Q(TJ;d)
Q(TJ;d)
Q(TJ;d)
Q(TJ;d)
p(T|;d)



to Likelihood



Aj. Time-to-Death
with Tumor



Q(T»*;d)
p(TJ;d)
Q(T»*;d)
p(TJ;d)
p(Ts';d)



A*. Time-to-Tumor
(unobservable)



Q(T,';d)
P(TJ;d)
Q(Ts;d)
P(Tj;d)
P(TJ;d)



*Ti = Observed time-to-tumor.
TS = min(Ts,T«) - Observed time-to-death or sacrifice.
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TABLE 7
Virtually Safe Doses at w0 = 10"5 In the Presence



and Absence of Competing Risks
(fraction of MTD)



Experiment



1,2,9



3,4



5,6,20-23



7,8



10



11



12



13



14



15



16



17



18



19



"8.9-3 means 8.9



Competing Risks



t = 500



8.9-3



2.9-2



1.6-4



1.6-3



1.6-3
1.3-4



1.3-3



1.1-1



1.7-4



2.0-3



5.3-2
1.1-2



9.8-5



9.0-3



X 10"3



700



6.4-3



1.0-2



8.3-5



2.2-4



2.2-4



3.4-5
3.4-4



7.6-2



8 7-5



1 5-3
3.8-2



7.8-3
5.1-5
6 1-4



Absent"



900 days



5.1-3



5.1-3



5.2-5



5.2-5



4.9-5



1.3-5
1.3-4



6.0-2



5.4-5



1.2-3
3.0-2



6 1-3



3.2-5
1 3-4



Competing Risks Present
(t = 900 days)



8.0-3



1.1-2



1.3-4



2.5-4



2.4-4



5.0-5
4.9-4



8.4-2



1 3-4



1 9-3
4.0-2



9 4-3



7.8-5
6.6-4



The simple linear quadratic model in (4.6) was fit to the
quantal data by using the bootstrap method from Efron(1982).
In this approach, the observed data are first used to establish
an empirical probability distribution function. The computer
then samples at random from that distribution function and
the parameters ao, ai and aa are estimated for each sample. A
total of 1001 samples were generated with a VSD computed
for each sample. After ordering these VSD's, the median was
taken as the bootstrap estimate of the VSD with the 95% lower
confidence limit given by the appropriate order statistic of the
ordered bootstrap samples.



Rough estimates of ao, ai and a* for each bootstrap sample
were obtained by linearizing the cumulative hazard function
and solving by ordinary least squares. This involved solving the
set of equations



-ln(1 -p) = ao + aid + ajd (4.8)



(d = 0, 1/4, 1/2, 3/4, 1) for ao, oi and at. Here p = [x(t;d) +
0.24]/[n(d) + 0.24] and x(t;d) denotes the number of animals
with tumors at dose d and time t of the n(d) animals started on
test. (The constant 0.24 is included to avoid problems with the
log transformation when x(t;d) = 0.)



These same quantal response models were also fitted with
the number of animals at risk adjusted so as to take into
account the effects of premature deaths. (The actual method of
adjustment is described in the next section.) The linear extra-
polation procedure of Farmer et el., (1982) was also applied to
the adjusted tumor incidence data in order to obtain lower
confidence limits on the VSD using the multistage model and
the procedure described by Crump et a/. (1977).



4.3 Methods of analysis
While the method of maximum likelihood is used to estimate



the unknown parameters in the time-to-response models dis-
cussed in section 4.2, the actual form of the likelihood depends
on the type of analysis being carried out (Kalbfleisch ef a/.,
1983). As described below, the type of analysis performed will
depend on the degree of information available concerning
when the tumor actually occurred and the cause of death.



Ai. Time-to-tumor (observable)
Ideally, the times at which all tumors developing during the



course of an experiment would be available for analysis. Such
data could conceivably be obtained in the case of visible, palp-
able or rapidly lethal tumors, although such information
seems rarely available in practice. When the actual time-to-
tumor is observable, however, it is possible to estimate the
time-to-tumor distribution using the likelihood for analysis Ai
in Table 6.



A2. Time-to-death from tumor
If it can be determined whether or not an animal died from a



tumor, then an analysis ofthe time-to-death for those animals
dying from tumors is possible (Table 6). Because the endpoint
under consideration is now time-to-death from tumor rather
than time-to-tumor itself, it should be recognized that the
estimates obtained apply to the former rather than the latter
measure of time-to-response. This analysis would of course be
similar to Ai if the tumors under study were rapidly lethal.



A3. Time-to-death with tumor
Since the cause of death cannot always be determined, an



analysis similar to A3 may be carried out based on the times-to-
death for those animals found to have a tumor at necropsy,
regardless of whether or not the tumor was responsible for the
death of the animal. The likelihood in this case is given in
column 3 of Table 6.



A«. Time-to-tumor (unobservable)
When the actual time-to-tumor is unknown, the observation



of a tumor at necropsy indicates that the tumor occurred at
some point in time prior to the death or sacrifice of the animal.
Utilization of this information in the construction of the likeli-
hood function (Table 6) will provide a valid estimate of the VSD
whenever all tumors are incidental necropsy findings unre-
lated to the death of the animal. This analysis will of course not
be strictly valid for life-threatening tumors.



It is clear from the above discussion that analyses Ai - A4
address slightly different endpoints and that appropriate esti-
mates of Pi(d|t) in (4.1) will generally be available only when
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FIG. 7. Frequency Distributions of the Values of Ca for Point
Estimates of the VSD Based on the Probit, Weibull, Multistage and
Linear-Quadratic Models.



time-to-tumor is observable (Ai). Similarly, the quantal re-
sponse models provide estimates of the dose response curve
PT(d|t) in the presence of competing risks. Because of this, the
observed incidence data x(t;d)/n(d) was also analyzed using
the quantal response models with n(d) adjusted for the pres-
ence of competing risks. When estimating the probability of
tumor occurrence Pi(t;d), the effective number of animals at
risk over the period (0,t) was estimated by



n (t;d) =̂ x(t;d)



P i(
(4.9)



in analogy with Ai, where P i(t;d) is the nonparametric estima-
tor of Pi(t;d) given by Kodell ef al. (1982). (When x(t;d) = 0, n (t;d)
is set equal to half the number of animals started on test.)
When estimating the probability of death from tumor occur-
rence Ps(t;d), the effective number of animals at risk is given by



n (t;d) x(t;d)



P3(t;d)
(4.10)



in analogy with A2, where P3<t;d) is the Kaplan-Meier (1958)
nonparametric estimator of the distribution of times-to-death
from tumor P^l.d).



Although the different analyses discussed above in effect
provide estimates of different endpoints, the differences in the
target VSD are not expected to be great. As shown in Table 7,
for example, the difference between the true VSD's defined in
terms of the dose response curve Pi (d|t) were at most a factor
of five greater than those defined in terms of the dose response
curve Pf (d|t) in the presence of competing risks in all cases
considered. Since this difference will be seen to be negligible



in comparison with the variation in the estimates across exper-
iments, we will thus take as the target parameter the VSD
defined in terms of (4.1) regardless of the method of analysis.



5. RESULTS



The performance of the different procedures for low dose
extrapolation will be assessed using the criteria



= logio(cfo/do) and
(5.1)



Ci provides a measure of the relative error of the estimator d \
on an order of magnitude basis. Ci = 1 for example, would
indicate that the VSD has been overestimated by a factor of 10,
while Ci = -1 would correspond to an underestimate of the
same order of magnitude. C2 provides a measure of relative
error on the risk rather than dose scale. C2 = 2, for example,
would indicate that the actual risk at the estimated VSD <?„ is in
fact 100 times the acceptable risk TT0.



5.1 Analysis of time-to-response data
Our comparisons of the different methods Ai - A< of analyzing



time-to-tumor data discussed in section 4 are based on the
multistage Weibull model (Figure 42). In the ideal case where



"Throughout Figures 4-IJ. all Ci and Cj values exceeding 3 in absolute value ore
included in the categories on the extreme left and right.
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1% and 10% Excess Risk Points on the Fitted Weibull Model.
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time-to-tumor is observable (Ai), 20/46 or 43% of the point
estimates of the VSD at t = 900 days were within an order of
magnitude below the true VSD (-1 < Ci < 0), with 43% of the
estimates also being greater than the true VSD (C i> 0). In
some cases, however, values of both Ci and Cs in excess of 2
and even 3 were encountered. The results for analyses A2 - A<
based on less information than required in Ai are similar,
although the percentage of cases in which Ci or Ca is greater
than unity exceeds that found with Ai.



Possible systematic differences among the four methods of
analysis were assessed using the sign test (P < .05). This
analysis confirmed that At tended to yield higher estimates of
the VSD than did A2 which in turn appeared to give higher
results than Ai and As. (These last two analyses did not differ
appreciably.) Although the different methods of analysis did
produce estimates of the VSD which differed by more than
three orders of magnitude in some experiments, the differen-
ces were generally less extreme. (Considering all possible
pairwise comparisons among methods, more than 85% of the
Ci values were within an order of magnitude of each other.)
This same analysis of the Ca values provided similar findings.



Frequency distributions of the criteria Ci and C% with point
estimates of the VSD replaced by 95% lower confidence limits
are shown in Figure 5. With analysis Ai based on the actual
times of tumor occurrence, none of the 46 data sets resulted
in values Ci or Ca greater than zero. Although a few results
were more than 1000 times lower than the actual VSD, more
than half of the lower confidence limits on the VSD were
within an order of magnitude of the actual VSD. Although one
of the 46 data sets resulted in values of Ci and C2 greater than
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zero using analysis Aa, the results for both analyses A3 and A3
are similar to those for Ai. Analysis A<, however, provided
values of d and Ca greater than zero in 15% of the data sets
analyzed, in excess of the 5% that might be expected at the
nominal 95% confidence level. (All of the Ci and Ca values were,
however, less than 1.)



Consideration of pairwise differences for confidence limits
revealed similar trends as with the point estimates, with sign
tests indicating that A4 gave larger Ci values than Aa, and that
Ai gave larger C, values than A3. (Ai and As did not differ
appreciably.) For all but one of the simulated data sets, how-
ever, the different methods yielded lower confidence limits on
the VSD which differed by less than an order of magnitude.
Again, the findings based on an examination of the C2 values
were similar.



Further analyses carried out at t = 500 and 700 days on test
led to results similar to those discussed above. In what follows,
we will thus continue to present detailed results only at
t = 900 days, the termination time of the simulated experi-
ments. Because of the general concordance in the findings
based on either criteria Ci or Ca, moreover, we will, for the most
part, focus our attention on the latter criterion in what follows.
For brevity, we will also confine ourselves to a discussion of
analysis Ai.



5.2 Comparisons among time-to-response models
Frequency distributions of the Ca values for both point esti-



mates and lower confidence limits on the VSD for the multi-
stage Weibull, multistage nonparametric and Hartley-Sielken
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models are shown in Figure 6, along with the confidence limits
provided by the NCTR linear extrapolation procedure. As noted
earlier with the multistage Weibull model, point estimates of
the VSD based on both the multistage nonparametric and
Hartley-Sielken models can result in risks more than 100 fold
greater than the desired risk. None of the lower confidence
limits based on the multistage Weibull or multistage nonpara-
metric models resulted in risks in excess of the desired value,
though confidence limits based on the latter model could not
be calculated for 15 of the 46 data sets analyzed3 and are thus
not represented in the frequency distribution shown in that
case. Lower confidence limits based on the Hartley-Sielken
random group method resulted in risks in excess of the target
risk in 7% of the cases analyzed, close to the nominal 5% level.
With the NCTR linear extrapolation procedure, fewer highly
conservative results were obtained than with other proce-
dures, although 6/45* or 13% of the lower confidence limits
resulted in risks in excess of the target risk.



The multistage Weibull model tended to give higher esti-
mates of the VSD than the Hartley-Sielken model, with the
median ratio of multistage Weibull estimates to Hartley-
Sielken estimates being 2.4 and 2.5 for point estimates and
confidence limits, respectively. The multistage nonparametric
model was very similar to the multistage Weibull, with the
median ratio being 0.98 for point estimates and 1.06 for confi-
dence limits. In addition, the estimates (both point estimates
and lower confidence limits) based on these two models were
within an order of magnitude of each other in all cases
considered.



3ln these IS cases, (he covtnance matrix of the parameter estimates was singular and
could not be inverted.



Convergence problems were encountered in one of the 46 data sets



The lower confidence limits on the VSD based on the NCTR
linear extrapolation procedure were higher than those based
on the multistage Weibull model in nearly 87% of the cases,
although the two estimates were within an order of magnitude
of each other in over 91% of the data sets analyzed. (The
median ratio of the confidence limits was about 1.7.)



5.3 Comparisons among quantal response models
For several models, point estimates based on the quantal



data alone were frequently in excess of the actual VSD, tend-
ing to give values of Cj exceeding zero (Figure 7). (Unless
otherwise indicated, all quantal response models were fitted
under the assumption of independent background.) The probit
model performed particularly poorly, with risk at the estimated
VSD in most cases being more than 100 times the acceptable
risk. The Weibull, multistage and linear-quadratic models per-
formed progressively better, with the distribution of point
estimates based on the last method similar to those in Figure 6
for the models utilizing the time-to-tumor data.
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Linear extrapolation from the 1 % and 10% excess risk points
of the fitted Weibull model notably reduced the degree of
underestimation of risk in the low dose region (Figure 8). In the
latter case, however, 16/46 (35%) of the estimates were quite
conservative with Cj < -3. The type of background response
assumed made an appreciable difference on the estimates.
With the Weibull model, for example, assuming additive back-
ground led to fewer underestimates of risk, with the distribu-
tion of estimates being somewhat similar to that for linear
extrapolation from the fitted 1 % point.



Although lower confidence limits for the VSD based on the



quantal data are necessarily lower than the point estimates,



most of the procedures considered were subject to error rates



somewhat in excess of the 5% nominal value (Figure 9).



Under the Weibull model, point estimates of the VSD based
on the quantal response data adjusted for competing risks as
in (4.9) were somewhat similar to those based on the original
unadjusted data (Figure 10). Although the error rate for lower
confidence limits was reduced somewhat by this adjustment,
the nominal 5% level was still notably exceeded.



5.4 Comparison of time-to-response and
quantal response models



In an attempt to assess the extent to which the use of
time-to-response data represents an improvement over the
use of only quantal response data in low dose extrapolation,
estimates based on the multistage Weibull model using the
time-to-tumor data (Ai) were compared with those based on
the multistage model using only the incidence of tumors
observed up tot = 900 days (Figure 11). For both criteria Ci and
Cj, point estimates based on these two procedures were
within an order of magnitude of each other in more than 80%
of the cases. Similar results were found in comparing lower
confidence limits. On the whole, these results suggest that the
use of precise information on time-to-response will not result
in estimates of risk in the low dose region that are substantially
more precise than those based on quantal data alone.



5.5 Variation between replicates
The frequency distributions discussed in sections 5.1 - 5.3



include variation due to differences between experimental
conditions as well as variability between replicates generated
under identical experimental conditions. In order to examine
the magnitude of the latter error term in isolation, we also
prepared frequency distributions of the difference between
the value of Cj in replicate one and that in replicate two
(Figure 12).



Although the variation between replicates is generally
somewhat less than the total variation depicted in the previous
histograms, the difference between replicates in the values of
Ca was found to be well in excess of 3 in some experiments.
(The values of Ci were, however, somewhat less variable.) Con-
fidence limits based on both the multistage Weibull and multi-
stage models varied considerably less than did the correspond-
ing point estimates, reflecting the fact that these confidence
limits on the VSD are necessarily linear at low doses whereas
the corresponding point estimates may be either linear or
sublinear. The confidence limits based on these two models as
well as the NCTR linear extrapolation procedure also varied
less between replicates than did those based on the Hartley-
Sielken model.



5.5 Comparison of experimental conditions
The comparisons among the specific experimental situa-



tions involved in the design of the simulation study (see Table
4) are summarized in Table 8 for the multistage Weibull and
Hartley-Sielken models as well as the NCTR linear extrapola-
tion procedure.5 Point estimates based on the multistage Wei-
bull model were unaffected by most of the underlying experi-
mental conditions. The only significant contrasts were those
relating to independent versus additive background and the
presence or absence of an interim sacrifice, as well as the low
dose linearity-tumor lethality interaction. Experiment 18 with
additive background gave larger values of Ci than did experi-
ment 15 with independent background due to the low dose
linearity imposed by additivity. Experiment 23, with an interim
sacrifice, gave larger values of Ci than did experiment 5 with-
out such a sacrifice. The fact that interaction between low
dose linearity and tumor lethality is significant while the cor-
responding main effects are not suggests that these two fac-
tors somehow compensate each other. (Larger values of Ci
were associated with sublinear dose response curves with
moderate lethality and low dose linear dose response curves
with rapid lethality.)



More factors appeared to affect the performance of multi-
stage Weibull confidence limits. (This may in part, however, be
attributed to the lower variation between replicates for these
estimates.) Low dose linearity (as well as the low dose
linearity-tumor lethality interaction) is highly significant for
the confidence limits as expected, with the sublinear dose
response models giving somewhat lower values of Ci. The
overall curvature of the dose response also had an effect, with
the values of Ci decreasing with increasing curvature. There
were also differences due to the underlying time-to-tumor
model, with the proportional hazards model giving higher
values of Ci than the log-linear model. Within the log-linear
framework, the Weibull and log-logistic models gave higher
values than the log-normal. The comparison between inde-
pendent and additive background was again significant, al-
though the interim sacrifice did not seem to have much effect
on the confidence limits.



Similar observations can be made for the Hartley-Sielken
model, with a few notable differences. For the point estimates,
the overall curvature in the dose response curve had a signifi-
cant impact on the values of Ci, as did the shape of the hazard
function. (Shallow hazards resulted in somewhat lower values
of Ci than did steep ones.) The difference between independ-
ent and additive background was again significant, although
Unlike the multistage Weibull model, the presence of an inte-
rim sacrifice had little effect. Confidence limits for the Hartley-
Sielken model were affected by essentially the same factors as
the point estimates, except that the effect of additive back-
ground was not significant. (This may be explained in part by
the fact that the variation between replicates for confidence
limits is comparable to that for point estimates for this model,
whereas the confidence limits are considerably more stable
than the point estimates for the multistage Weibull model.)



The most notable effects on the confidence limits produced
by the NCTR linear extrapolation procedure were due to the



"This analysis is based on Ci rather than Ci because of the greater stability of the
former statistic in terms of variation between replicates.
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FIG. 13. Frequency Distributions of the Values of Ci and Cs for
Lower Confidence Limits on the VSD Based on the Multistage
Weibuil and NCTR Linear Extrapolation Procedures for Linear and
Sublinear Dose Response Curves.



shape of the dose response curve in both the observable and
unobservable response range. (Both of these factors also
influenced the confidence limits based on the multistage Wei-
buil and Hartley-Sielken models.)



6. D/SCUSSION



The generation and analysis of the simulated data base
discussed in this paper will hopefully serve to focus attention
on several issues relating to the use of time-to-response data in
low dose extrapolation as well as offer some empirical gui-
dance on the accuracy with which risks at low doses may be
estimated. The generation of such complex time-to-response
data not only requires specification of underlying dose re-
sponse models for the underlying carcinogenic and competing
risk processes and the experimental design, but also illus-
trates clearly several important differences between the
assessment of time-to-response and quantal response data.
The exhaustive analysis of the simulated data in which the
actual risk in the low dose region is known also offers an
opportunity to assess the error associated with the different
extrapolation procedures employed, an opportunity not af-
forded by the analysis of actual experimental data no matter
how extensive. Although there is no guarantee that the



mathematical assumptions underlying the generation of this
data will be in concordance with the biological mechanisms to
which they apply, the major findings of this investigation
would not appear to be crucially dependent on the particular
assumptions made.



An immediate consequence of the incorporation of the time
parameter into the extrapolation process is that the virtually
safe dose will depend not only on the acceptable risk level, but
also on the period of exposure. The simulation of time-to-
response data as discussed in section 2 also focuses attention
on the distinction between the dose response curve in the
presence and absence of competing risks. Although it is not
immediately clear which curve is most relevant for purposes of
quantitative risk assessment, we have elected to define the
target VSD's in terms of the latter dose response curve. (In the
23 experiments considered here, the VSD in the absence of
competing risks was less than that in the presence of compet-
ing risks, although the latter values exceeded the former by at
most a factor of about five. The VSD's based on the dose
response curve adjusted for competing risks did, however, differ
by a factor of up to 70 between 500 and 900 days on test.)



The availability of information on time-to-response also
offers the possibility of performing one or more of the four
analyses outlined in section 4.3. Although valid inferences
concerning the time-to-tumor distribution are possible when
the actual time-to-tumor is observable, or when the induced
tumors are incidental necropsy findings unrelated to the cause
of death, neither situation is likely to occur frequently in prac-
tice. Thus, an analysis of the death times for those animals
dying from tumors, or of the death times of those animals dying
with tumors should the cause of death be indeterminate, may
be considered. Our comparisons of these different methods of
analysis using one particular model (the multistage Weibuil),
however, suggest that they may generally yield somewhat
similar results.



Analysis of the time-to-tumor data using the multistage
Weibuil, multistage nonparametric and Hartley-Sielken mod-
els indicated that point estimates of risk in the low dose region
were highly variable, with the actual risk at the estimated VSD
often being a factor of 1000 or more greater than the target risk
of 10"5 while all of the lower confidence limits on the VSD
based on the multistage Weibuil and multistage nonparametric
models were below the true VSD, the Hartley-Sielken random
group method and NCTR linear extrapolation procedures
resulted in error rates of 7% and 13%, respectively, the latter
value being somewhat in excess of the nominal 5% level.



Point estimates using the quantal response data based on
the probit, Weibuil, multistage and linear-quadratic models
were also highly variable and tended to result in a somewhat
greater degree of overestimation of the true VSD than did
estimates based on the time-to-response data. Linear extrapo-
lation from the 1 % excess risk point of the fitted Weibuil model
reduced the degree of overestimation to some extent as did
direct extrapolation using this model under the assumption of
additive rather than independent background. Lower confi-
dence limits were of course more conservative than the point
estimates, although none of the procedures considered re-
sulted in error rates as low as the desired 5% level. Adjustment
of the quantal response data for the presence of competing
risks did not appear to improve markedly the performance of
the extrapolation procedures.



Fundamental and Applied Toxicology (3)5-6/83 155











Although precise data on time-to-tumor occurrence and time-
to-death from competing causes clearly contains much more
information than simple proportions of animals with tumors in
each dose group at the end of the study, the value of this
additional information in low dose extrapolation is to a certain
extent questionable, at least in cases where mortality is not
highly dose-dependent. In most cases, the actual risk at the
estimated VSD's based on the multistage Weibull model fitted
to the time-to-tumor data and the multistage model fitted to
the quantal response data were in fact within an order of
magnitude of each other. Similar results were also obtained
with lower confidence limits on the VSD using these same
two models.



Although point estimates of risk in the low dose region are
subject to considerable error, the variation between estimates
based on replicate data sets generated under identical experi-
mental conditions was less extreme. (Factors identified as
contributing to the former source of error may be the modelling
of a background response as either additive or independent
and both the overall shape of the dose response curve and its
behavior in the low dose region.) Nonetheless, replicate esti-
mates were found to vary by as much as a factor of 1000 or
more in some experiments. The replicate-to-replicate variation
in confidence limits obtained using linearized confidence limit
procedures was notably less.



The results of this study clearly indicate that point estimates
of risk in the low dose region based on purely statistical
extrapolation procedures are subject to considerable uncer-
tainty even when detailed information on the time of tumor
occurrence is available for analysis. Lower confidence limits
on the VSD calculated using some form of linearized confi-
dence limit procedure such as that for the multistage Weibull
model or NCTR linear extrapolation procedure can, however, be
useful when the underlying dose response curve is linear in
the low dose region (Figure 13). When the dose response curve
is actually sublinear at low doses, however, these same proce-
dures tend to be quite conservative.
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APPENDIX A
Modelling of Background Response



The purpose of this Appendix is to describe how spontane-
ously occurring responses are handled in the time-to-response
models discussed in section 2. Following Hoel (1980), we
assume that a spontaneous response may occur either inde-
pendently of those induced by the test compound or additively
in a dose-wise fashion. We will thus let Tu denote the induc-
tion time for the former type of tumor and take Pn(t), Qn(t) and
Xn(t) to be the corresponding distribution, survivor and hazard
functions, respectively. (Note that since such tumors occur
independently of those induced by the test compound, the
distribution, survivor and hazard functions do not depend on
the dose d.) Similarly, we will let Ti2 denote the induction time
for the latter type of tumor (either spontaneous or induced)
with distribution, survivor and hazard functions Pi2<t;d), Qi2<t;d)
and Xuft.d), respectively. Within this two-mechanism frame-
work, we have Ti = min(Tn,Ti2) with



P,(t;d) = 1 - Qi(t;d) ,



Qi(t;d) = Qu(t)Qi2(t;d) , and



Xi(t;d) = Xn(t) + X,2(t;d) . (A.I)



The time-to-death after tumor occurrence Tj and the time-
to-death from competing risks T< may be handled in an analo-
gous fashion. It is important to note, however, that while
T< = min(T4i,T«)asinthecaseof Ti, it is not in general true that
Tj = min(Tji,T2s). In the following case, for example, we have
T2 = (Tu + T22) - Tu.



-» T
11 21



12 22



t-0 T2



In general, however, we will have Tj = T3-T1 where T3 =
min (TSI.TM) with T31 = Tu + T2] and T33 = Tu + T22.



The actual distribution P2 of the survival time T2 following the
occurrence of a tumor may be expressed as



Pj<t;d) = Pr(T3 - T, < t |



- /„" Ps(t+u; d)pi (u;d)du (A.2)



The distribution P3 - I-Q3 of the time T3 from the start of the
study until death from a type one or type two tumor in (A.2) is
similarly determined by Q3<t;d) = Cbi(t)Q3i(t;d) , where



1 - Oai(t) = P3i(t) =/o'Pu(t-u)p2i(u;d)du and



1 - Q3s(t;d) = Ps2<t;d) =j['p12<t-u;d)p2j(u;d)du (AJ)



with P2,(t;d) = dP2j(t;d)/dt (j = 1,2).
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APPENDIX B
Statistical Models Used in Generating the Simulated Data Base



The purpose of this Appendix is to describe the precise
model parametrization used in generating the simulated data
base. Ingeneratingtime-to-tumordataTi = min(Tn,Tia). Under
the log-linear model, we took



log(Tu - Ai) = ori +



log(Tu - A2) = a2 o 2 W 2 ,



(A.I)



(A.2)



with the error terms Wi and W2 following the normal, logistic
or extreme value distributions as given in Table 2. The hazard
functions for Tu and T[2 under the general product model are of
the form



Xn(t) •{
a0 I S0i.(t-Ai)



and



= I
0



t > A,



t < Ai
(AJ)



• ' ] . t
(A .4 )



t < A2 ,



respectively. The hazard function for the proportional hazards
model was taken to be of the form



Xi(t;d) =
Xo(t)expi/3O t > A



t < A .
(A.5)



The actual model parameters used in each of the three
models are given in Table B.1. Time-to-death from competing
risks was assumed to follow a Weibull model throughout with
ct\ = 6.39 and o\ = 0.49 with the exception of experiment 9.
(There, ai = a2 = 6.39, o\ = cr2 = 0.49 and /3 = -2.0.) The time-
to-death after development of tumor was assumed to follow
a Weibull model with <*i = a2 = 4.99, ai = a2 = 0.36 for ex-
periments (1, 3, 5, 7, 9, 11-13, 15-23); ai = o2 = 3.49,
a\-a%- 0.24 for experiments (2, 4, 6, 8, 10) and a\ - 4.99,
o\ - 0.36 for experiment 14. The values of Ai and A2 in (A. 1) and
(A.2) were taken to be zero throughout.



TABLE B.I
Model Parametrization Used in Generating Time-to-Tumor Data



Experiment
Model for



Time-to-Tumor* Model Parameters'*



1,2,9
3,4



5,6,20-23



7,8



10



11



12



13



14



15



16



17



18



19



GP
GP
GP
GP
GP
GP
GP
GP
PH
LL



LL



LL



LL
GP



ao



ao



ao



ao



ao



ao



ao



ao



a i



a,



a\



as



ai



as



as



ao



A.



1.03-7, as = as = 5.14-7, /3a - 1



1.57-19, aa = as = 7.84-19, 0« = 1



1.03-7, ai = 2.51-7, as - 7.71-7, /3a : 1



1.57-19, ai = 3.92-19,a3 = 1.18-18, & = 1



1.89-20, ai = 3.92-19, a3 = 1.18-18, 0« = 1



1.27-13, ai = 1.27-12, fa = 1



1.27-13, ai - 1.27-13, a2 = 1.14-12, fa = 1



1.27-13, a< - 1.27-12, fa - 1



8.04, ai = 0 5 (Weibull baseline hazard) 0, - 2.40



8.04, a, = 0.5 (Weibull)



6.91, aa = 0.6, /3 = -1 (Weibull)



7.76, CM = 0.64 (Lognormal)



6.57, oa = 0.77, /3 = -1 (Lognormal)



7.76, oi = 0.35 (Log-logistic)



6.57, as = 0.42, 0 = -1 (Log-logistic)



7.42, at - 0.5, /3 = -1.22, y = 0.6 (Weibull)



3.26-12, ai = 6.43-13, aa = 5.78-12, fa - 1



500, Aa - 300



"LL = Log-linear
GP = General product
PH = Proportional hazards
Unspecified parameters are all zero.



c1.03-7 means 1.03 X 10'7
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• INTRODUCTION 
r 



A historical cohort mortality study of 1,575 men occupationally exposed to 



chloroprene was conducted by the medicaldivison of E.I. du Pont de Nemours 



and Company (Du Pont). The study was designed to evaluate the risk of lung 



cancer and other major causes of mortality with respect to chloroprene 



exposure. The study showed no association between chloroprene exposure and 



an increased risk of mortality from specific diseases, including lung cancer 



(Pell, 1978). 



The National Institute for Occupational Safety and Health (NIOSH) assisted 



Du Pont in the study by providing additional epidemiologic resources. NIOSH 



was able to determine the vital status of 223 of 240 men in the cohort who 



could not be located by Du Pont. This effort reduced the percentage of men 



lost to follow-up from 15.2% to 1.1%. 'Once the original study was 



completed, NIOSH was given th~ data by Du Pont to reanalyze, using the NIOSH 



modified life table computer program. This report summarizes the results of 



the reanalysis. 



DISCLAIMER 



Because NIOSH was involved neither in the identification of the cohort nor 



in the extraction of data from Du Pont personnel files, the agency cannot 



attest to the accuracy or completeness of the data upon which the study was 



based. 
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PLANT HISTORY 



The Du Pont plant is located in Louisville, Kentucky and has manufactured 



neoprene rubber from chloroprene, a chlorinated hydrocarbon monomer, since 



the plant began operation in 1942. The plant began production of synthetic 



rubber as a result of government effort to provide a substitute for natural 



rubber needed for the war efforts. In 1949, the plant was acquired by 



Du Pont. In addition to producing neoprene rubber, the plant manufactured 



chloroprene from acetylene between 1942 and 1973. Since 1973 chloroprene 



has been made from butadiene, but at other Du Pont plants. Presently, crude 



chloroprene is shipped to the Louisville plant where it is purified and 



polymerized to produce neoprene rubber. 



METHODS 



The cohort, as defined by Du Pont, included all 1,575 male hourly employees 



who were working at the Louisville plant on June 30, 1957. Potential cohort 



members were identified via the plant's 1957 employment roster. The plant's 



1957 roster was selected for three reasons: 1) Du Pont began its cancer 



epidemiological surveillance program in 1956, 2) the plant's workforce was 



relatively stable at that point in time, and 3) most members of the cohort 



had at least 15 years of potential exposure to chloroprene. Salaried and 



female employees were excluded by Du Pont, because most had minimal or no 



potential exposure to chloroprene. 
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Demographic and work history data for 'each member of the cohort were 



compiled by Du Pont. NIOSH was given a computer tape containing the 



following data for each cohort member: empl~yee identification number, sex, 



date of birth, date of death or date last observed, underlying cause of 



death, detailed work history, and occupational exposure levels. The racial 



distribution of the cohort was unknown, but was thought to be 90% white. 



However, for this analysis, all cohort members were assumed to be white. 



The detailed work history consisted of specific work periods and job 



titles. Each job within the plant was assigned a relative exposure level, 



i.e., "high", "moderate", "low", or "varied" in potential for exposure to 



chloroprene, due to the limited industrial hygiene data for airborne 



concentrations of chloroprene in the plant from 1942 to 1970 (Table 1). 



This classification was based upon the degree of chloroprene exposure that 



was presumed to accompany a specific job within the plant and was developed 



by an industrial hygienist who worked at the Louisville plant for 25 years. 



The cohort was followed from June 30, 1957 to December 31, 1974. The vital 



status of the cohort was ascertained using Du Pont personnel records and 



data from the Social Security Administration, state departments of motor 



vehicle registration, and state departments of vital statistics. The vital 



status of 1,559 (or 98.9%) of the 1,575 men in the cohort was determined 



(Table 2). 



The date and underlying cause of death were obtained from death certificates 



for each of the 193 deaths in the cohort. The causes of death were coded 
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• 
according to the rules of the International Classification of Diseases (ICD)" 



in effect at the time of death. and. for this analysis. were converted to 



seventh revision codes. 



A modified life table computer program was used to calculate the number of 



person-years at risk (PYAR). stratified by five-year age and calendar 



periods. For the total cohort. the number of PYAR contributed by each 



cohort member was the number of years from June 30. 1957 to the date of 
. 



death or to the study end date (December 31. 1974) for those alive on that 



date. Men lost to follow-up were assumed to be alive as of the study end 



date. The expected number of deaths for each cause was calculated by 



multiplying the PYAR by United States white male mortality rates specific 



for five-year age and calendar periods. The standardized mortality ratio 



(SMR)* was calculated for selected causes of death. Differences between the 



observed and expected numbers of deaths were tested for statistical 



significance. assuming a Poisson distribution. If the observed number of 



deaths was greater than two. an exact p-value was calculated using a 



two-sided test and 95% confidence limits were computed for the SMR 



(Rothman and Boice. 1979). 



The total cohort was divided into two groups based upon the degree of 



chloroprene exposure. One group. which will be referred to as the "high 



exposure" subcohort. contained all workers who were ever exposed to a high 



*SMR c	 observed number of deaths X 100 
expected number of deaths 
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level of chloroprene and the other group, known as the "low exposure" 



subcohort, consisted of workers who were 'exposed only to moderate, low, or 



varied levels of chloroprene. If a worker held more than one job, his 



exposure classification for this analysis was the highest level associated 



with any of the jobs that he held during his work experience at the plant. 



The "high exposure" subcohort was further divided into one of three job 



categories: chemical operators, maintenance mechanics, or other high 



exposure occupations (Appendix A). The latter category included clean-up 



operators, helpers, poly unit mechanics, and process mechanics. Men with 



multiple high exposure jobs, e.g., chemical operator and maintenance 



mechanic, were not restricted to only one high exposure job category. In 



fact, each high exposure job category contained all the workers who had ~ver 



worked at the specific job(s) listed for that particular category. 



In the exposure-specific analysis, a worker potentially exposed to a hig~ 



level of chloroprene did not accumulate PYAR until he worked at a high 



exposure job. Then, PYAR contributed to the "high exposure" subcohort were 



calculated from the first day of high exposure and not from the first day of 



follow-up (June 30, 1957), if the first high exposure occurred after June 



30, 1957 (Figure 1, example 1). If a worker was exposed to a high level of 



chloroprene before mid-1957, he did not begin contributing PYAR to the "high 



exposure" subcohort until June 30, 1957 (Figure 1, example 2). A worker who 



was exposed only to moderate, low. or varied levels of chloroprene began 



contributing PYAR to the "low exposure" subcohort on June 30, 1957 or the 
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first day of chloroprene exposure. whichever occurred later. If a worker 



was originally exposed to moderate. low. or varied levels and then to a high 



level of chloroprene. he contributed PYAR to the "low exposure" subcohort 



until he was exposed to a high level of chloroprene (Figure 1. example 3). 



Once he was exposed to a high level. he then provided PYAR to the "high 



exposure" subcohort for the remainder of the follow-up period and regardless 



of subsequent chloroprene exposure jobs (Figure 1. example 1). 



Cancer mortality data were analyzed with respect to latency and duration of 



chloroprene exposure. Latency was defined as the interval from onset of 



chloroprene exposure. For the total cohort and the lIlowexposure" 



subcohort. latency began at the first day of exposure to chloroprene. For 



the "high exposure" subcohort, latency began for a worker when he was 



exposed to a high level of chloroprene. The observed and expected numbers 



of deaths due to malignant neoplasms of the major organ systems were 



stratified by lO-year intervals of latency and by lO-year intervals of 



chloroprene exposure. A chi-square test for trend, with one degree of 



freedom, was used to test for linear associations between SMas and latency 



or duration of exposure (Breslow, 1981). 
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RESULTS 



Of the 1,575 men in the total cohort, 851 were allocated to the 'bigh 



exposure" subcohort and 823 were assigned to the "low exposure" subcohort. 



The 851 high exposed workers included 457 chemical operators, 372 



maintenance mechanics, and 158 men who held other high exposure occupations 



at the Louisville plant. The total number of workers in the 'bigh exposure" 



subcohort did not equal the sum for the specific high exposure occupations, 



because as mentioned earlier, a worker could be in more than one high 



exposure job category. A total of 99 workers contributed PYAR to the "low 



exposure" subcohort and subsequently to the "high exposure" subcohort and 



these workers were included in both 8ubcohorts. In addition, workers in the 



total cohort accumulated a total of 26,304 PYAR during 1~57-l974, or an 



average of 16.7 PYAR per cohort member. Workers in other exposure-specific 



categories accumulated fewer PYAR on the average per cohert member (Table 3). 



The men in the total cohort were 29.4 years old (95% confidence limitsc 29.0 



and 29.7) when first exposed to chloroprene at the Louisville plant. Those 



fn the "high exposure" subcohort were slightly older ("-30.8 years, 



95% c.1.=30.3 and 31.4), whereas those in the "low exposure" subcohort were 



approximately the same age (xc 29.5, 95% c.l.-29.l and 30.0) as the total 



cohort upon first exposure to chloroprene. Chemical operat~rs were 29.0 



years old (95% c.l.=29.l and 30.0) when they were first assigned to high 



exposure jobs. Both maintenance mechanics and workers in other high 
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exposure occupations were older, 34.2 years (95% c.l.-33.4 and 34.9) and 



31.4 years (95% c.l.-30.0 and 32.7), respectively (Table 4). 



In the total cohort, 193 deaths occurred among workers exposed to 



chloroprene in contrast to 244.9 expected deaths (table 5). The difference 



was statistically significant (p-.0006). There were nonsignificant excesses 



in observed deaths compared to expected deaths from malignant neoplasms of 



the digestive system (19 observed deaths versus 13.1 expected, p-.14), 



respiratory system (19* versus 17.0, p~.69), and lymphatic/hematopoietic 



system (7 versus 5.0, p-.47). A statistically significant excess number of 



deaths was found for malignant neoplasm of the biliary passages and liver 



(4 versus 0.7, p·.Ol). Deaths due to diseases of the circulatory system 



(SO versus 109.1, p·.004) were significantly les$ than expected, but deaths 



due. to vascular lesions affecting the central nervous system (18 versus 



13.3, p·.2S) revealed a nonsignificant excess. 



Fewer total deaths occurred than expected among workers in the "high 



exposure" subcohort (91 versus 120.8, pc.006) and among those in the. "low 



exposure" subcohort (102 versus 124.0, p·.04) (tables 6-7). As seen in 



*Clinical reports obtained by Du Pont only confirmed 18 of 19 respiratory 



cancer deaths. Du Pont believes that one death certificate was incorrectly 



coded as lung cancer, since the clinical report indicated· that the tumor 



metastasized from the bladder to the lungs. 
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the total cohort, both subcohorts revealed nonsignificant excesses in 



observed deaths from malignant neoplasms of the digestive, respiratory, and 



lymphatic/hematopoietic systems. Three of the four deaths from malignant 



neoplasm of the biliary passages and liver (3 versus 0.4, p-.Ol) occurred 



among workers in the "high exposure" subcohort. Both subcohorts had fewer 



deaths than expected from diseases of the circulatory system; however, 



workers in the "low exposure" subcohort had more deaths than expected from 



vascular lesions affecting the central nervous system (15 versus 6.9, p-.Ol). 



Mortality among men who worked as chemical operators, maintenance mechanics, 



and other high exposure occupations is reported in tables 8-10. There were 



31 deaths compared to 44.1 expected (p-.04) among chemical operators, of 



which eight were due to malignant neoplasms (8 versus 8.2, p-.99). There 



were 45 deaths among maintenance mechanics which were significantly less 



than the expected number of 64.4 (p·.Ol). Twelve of the 45 deaths resulted 



from malignant neoplasms (12 versus 12.7, p-.99), and this included three 



deaths from malignant neoplasm of the biliary passages and liver 



(3 versus 0.2, p-.002). All three deaths from malignant neoplasm of the 



liver and' biliary passages occurred after 10 to 19 years of chloroprene 



exposure. One death, occurring after 10 to 19 years of latency, was from 



malignant neoplasm of the liver (lCD 155.0), and the other two deaths, 



occurring after 20 years of latency, were due to malignant neoplasm of the 



gallbladder (lCD 155.1). Pathology repo;ts were not available for either of 



the two latter decedents to verify the priinSry tumor site. There were 16 



deaths in contrast to 19.8 expected (p-.47) among men who had other high 
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exposure occupations, and only five deaths due to malignant neoplasms 



(5 versus 3.9, p-.70) were reported. All three occupational groups had 



fewer deaths than expected from diseases of the circulatory system. Other 



specific causes of death were observed, but the numbers were too small to be 



meaningful. 



The observed and expected numbers of deaths from malignapt neoplasms among 



workers with less than 10 years, 10 to 20 years, and 20 or more years of 



latency are presented in tables 11-16. There were no statistically 



significant trends with respect to latency. The observed and expected 



numbers of deaths from malignant neoplasms among workers with less than 



10 years, 10 to 20 years, and 20 or more years of presumed chloroprene 



exposure are shown in tables 17-22. Again, no statistically significant 



trends were apparent among the SMIts. 
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DISCUSSION 



As expected with an industrial population. mortality from all causes and 



from diseases of the circulatory system among workers exposed to ch1oroprene 



was significantly less than expected when compared to the United States 



population. This decrease in mortality from all causes was observed in the 



total cohort, "high exposure" subcohort, "low exposure" subcohort, and among 



chemical operators and maintenance mechanics, and a similar pattern from 



diseases of the circulatory system was seen in the total cohort and "low 



exposure" subcohort. This favorable mortality experience for the cohort 



probably reflects the "healthy worker" effect (Fox and Collier, 1976; 



McMichael, 1976). 



Within the total cohort and within both subcohorts. nonsignificant excesses 



were seen for malignant neoplasms of three organ systems: digestive. 



respiratory. and lymphatic/hematopoietic. The nonsignificant excesses for 



the three organ systems were present after 20 years of latency. However. no 



statistically significant trends were evident, but this may have been due to 



the small numbers in the strata. A statistically significant two-fold 



excess in mortality from vascular lesions affecting the central nervous 



system was seen among workers in the "low exposure" subcohort, but it is 



uncertain wh"ether this excess is related to ch1oroprene exposure. 



Data analysis by type of occupation. i.e•• chemical operators, maintenance 



mechanics, and other high exposure occupations, did not show a significant 
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excess in mortality among workers who held high exposure jobs. There was 



one exception; an excess for mainten~nce mechanics dying from malignant 



neoplasm of the biliary passages and liver. As stated earlier. two of the 



deaths were due to malignant neoplasm of the gallbladder and the other was 



attributed to malignant neoplasm of the liver. No gallbladder carcinogen 



has yet been identified in humans (Dlehl •. 1980). However. two studies have 



suggested a higher risk of mortality from malignant neoplasm of the 



gallbladder among other occupational groups, including workers in textile 



manufacturing. metal fabricating, automobile manufacturing, and rubber 



processing (Krain, 1972; Mancuso and Brennan, 1970). 



Other factors that were considered were the cohort selection criteria and 



the statistical pcwer. In this study, the cohort was selected from a roster 



of employees at the Louisville plant on June 30, 1957. As stated earlier, 



this year was chosen for three reasons: 1) Du Pont began its cancer 



epidemiological surveillance program in 1956. 2) the plant's workforce was 



relatively stable at that point in time, and 3) most members of the cohort 



had at least 15 years of potential exposure to chloroprene. Although the 



employee roster provided an excellent means of identifying all employees 



working at a plant in a specific year. it excluded all employees who were 



exposed to chloroprene. but who terminated before June 30, 1957. If the 



cohort had included these terminated employees, this would had increased the 



size of the cohort and, in turn. would have resulted in more PYAR, larger 



numbers of expected deaths. and greater statistical power. 
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Power values based on the equation by Beaumont and Breslow (1981) were 



calculated for selected causes of death for the total cohort. The power 



values indicated a 87% chance of detecting a risk ratio of 1.5 for all 



malignant neoplasms, if an excess risk actually existed. However, the 



chance of detecting the same risk ratio for more specific causes of death 



was considerably less. For example, there was only a 37% and 46% chance of 



detecting a risk ratio of 1.5 for malignant neoplasms of the digestive 



system and respiratory system, respectively. Of course, the power increases 



with larger risk ratios, and it appears that the total cohort had a power of 



80% or more to detect a risk ratio of two or more for some of the major 



causes of death, e.g., malignant neoplasm of the respiratory system. 



However, the power is reduced well below an acceptable level of 80% when the 



total cohort is stratified by the degree of exposure or by type of 



occupation. Thus, the nonsignificant excesses in mortality found in the 



study may have been the result of small statistical power. 



In conclusion, the results in this study appear to agree with those 



presented by Du Pont and fail to support .the hypothesis that men 



occupationally expo~ed to chloroprene are at a higher risk of dying from 



lung cancer or other specific diseases than the general population. 



However, these results are based on data from a cohort that may have been, 



affected by cohort selection factors and by small statistical power. 
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RECOMMENDATIONS
 



Recommendations for further work on this study are 1) to expand the period 



of ~ollow-up from December 31, 1974 to the present and 2) to include 



chloroprene-exposed workers at the plant who terminated or died before June 



30, 1957. Additional follow-up will increase the number of PYAR and, in 



turn, the statistical power of the study for specific causes of death. In 



addition, a modification of the cohort selection criteria would allow for 



the entry of employees who were hired before June 30, 1957 and who were 



potentially exposed to higher levels of chloroprene. However, due to the 



high turnover rate in the 1940's, it is recommended that only individuals 



with one or more years of employment at the plant be included in the cohort 



in order to keep follow-up costs at a minUnum. 
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Figure 1 
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Table 1 
... 



Chloroprene Mortality Study
 
Classification of Level of Exposure to Chloroprene in Louisville Works Cohort:
 



Representative Occupations
 



High Exposure Moderate Exposure 



Chemical operator (monomer and polymer) Chemical operator, 
Clean-up operator monovinylacetylene 
Helper Laboratory technician 
Poly unit mechanic Machinist 
Process mechanic Pump mechanic 
Maintenance mechanic Laboratory dishwasher 



Shop mechanic· 



Low or No Exposure 
Varied Exposure 



Bagger 
Cafeteria worker Electrician 
Clerk Instrument mechanic 
Guard Janitor 
Hydrogen chloride operator Lagger 
Incinerator operator Millwright 
Power operator Painter 
Stores attendant Pipefitter 
Tool room attendant Rigger 
Truck driver Mechanic 
Bag handler 
Cook 
Counter attendant 
Print machine operator 
Shipping helper 



Reference: Pell S: Mortality of Workers Exposed to Chloroprene. 
Journal of Occupational Medicine 20(1): 21-29, 1978 
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Table 2
 



Chloroprene Mortality Study
 
Vital Status of the Cohort as of December 31, 1974
 



Alive 1,365 (86.7%) 



Deceased 193 (12 .2%) 



Lost to follow-up 17 ( 1.1%) 



Total 1,575 (100.0:0 
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Table 3
 



Chloroprene Mortality Study
 
Number of Men, Person-Years at Risk,
 



and Average Person-Years at Risk per Cohort Member
 
For the Total Cohort and Specific Exposure Categories,'
 



1957-1974
 



Number Person-Years Average PYAR 
of Men at Risk (PYAR) per Cohort Member 



Total Cohort 1575 26,304 16.7 



"High Exposure" Subcohort 851 13,606 16.0 



Chemical Operators 457 7,174 15.7 



Maintenance Mechanics 372 5,694 15.3 



Other High Exposure 
Occupations 158 1,918 12.1 



"Low Exposure" Subcohort 823 12,644 15.4 
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Table 4
 



Chloroprene Mortality Study
 
Age Distribution of the Total Cohort and Specific Exposure Categories
 



At First Exposure to Chloroprene
 



Total Cohort lIES LES CO MM OHE 
Age Number % -Number % Number % Number % Number % Number % 



<20 35 2.2 7 0.8 28 3.4 4 0.9 3 0.8 0 0.0 
20-24 410 26.0 196 23.0 208 25.3 129 28.2 39 10.5 48 30.4 
25-29 456 29.0 236 27.8 224 21.2 160 35.0 68 18.3 28 11.7 
30-34 332 21.0 172 20.2 169 20.5 87 19.0 81 23.4 26 16.5 
35-39 185 11.7 105 12.3 104 12.6 32 7.0 83 22.3 21 13.3 
40-44 109 6.9 74 8.7 62 1.5 16 3.5 55 14.8 23 14.6 
45-49 45 2.9 41 4.8 28 3.4 15 3.3 28 7.5 8 5.1 
50-54 2 0.1 14 1.6 0 0.0 10 2.2 6 1.6 3 1.9 
55-59 1 0.1 6 0.7 0 0.0 3 0.1 3 0.8 1 0.6 
60-64 0 0.0 ' 0 0.0 0 0.0 1 0.2 0 0.0 0 0.0 



Total 1515 100.0 851 100.0 823 100.0 451 100.0 312 100.0 158 100.0 



Mean 29.4 30.8 29.5 29.0 34.2 '31.4 
95% confidence 29.0, 30.3, 29.1, 28.3, 33.4, 30.0, 



limits 29.7 31.4 30.0 29.7 34.9 32.1 
Median 28 29 28 27 34 30 



lIES .. "High Exposure" Subcohort 
LES • "Low Exposure" Subcohort 
, CO m Chemical Ope~ator8 



MH • Maintenance Mechanics 
OUE • Other High Exposure Occupations 
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Table 5
 



Ch10roprene Mortality Study
 
Observed and Expected Numbers of Deaths and
 



Standardized Mortality Ratios for Selected Causes.
 
Total Cohort, 1957-1974
 



95% 
lCD Code Confidence 



Cause of Death (7th Rev.) OBS EXP SMR* Limits 



All causes 193 244.9 79 (68, 91> 



All malignant neoplasms 140-205 51 47.7 107 (80, 141) 



MN of buccal cavity 
and pharynx 140-148 1 1.7 



MN of digestive system 150-159 19 13.1 145 (87. 227) 



MN of esophagus 150 1 1.1 



MN of stomach 151 3 2.4 125 (26. 365) 



MN of intestine 
except rectum 152.153 5 4.0 125 (41, 292) 



MN of rectum 154 2 1.5 



MN of biliary 
passages and liver 155 4 0.7 571 (156.1463) 



MN of pancreas 157 4 2.7 148 (40. 379) 



MN of respiratory system 160-164 19 17.0 112 (67. 175) 



MN of larynx 161 1 0.8 



MN of trachea, 
bronchus. ~nd lung 162.163 17 16.0 106 (62. 170) 



MN of other parts of
 
respiratory system 160,164 1 0.2
 



*The SMRois calculated only if the observed number of deaths is two or more. 
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Iable 5
 
(continued)
 



95%
 
lCD Code Confidence
 



Cause of Death (7th Rev.) OBS EXP 5MB.* Limits
 



MN of male genital system 177-179 2 2.2
 



!iN of prostate 177 2 1.8
 



MN of urinary system 180-181 1 2.5
 



!iN of bladder and
 
other urinary organs 181 1 1.2
 



MN of other and 165,
 
unspecified sites 190-199 2 6.2
 



MN of lymphatic! 200-205 7 5.0 140 (56, 288)
 
hematopoietic system
 



Hodgkin's disease 201 2 0.8
 



Leukemia and aleukemia 204 4 1.9 211 (57. 539)
 



Other neoplasms of 
lymphatic! 
hematopoietic system 202.203,205 1 0.7 



.Vascular lesions affecting
 
central nervous system 330-334 18 13.3 135 (80, 214)
 



Diseases of the
 
circulatory system 400-468 80 109.0 73 (58, 91)
 



Selected diseases of 540,541,543,
 
._-~~. 



~--.th~ !ii~e.!tive system 560-570,581 6 11.3 53 (19, 116) 



Selected diseases of 590-600,602, 
the genito-urinary system 604,610-637 3 2.5 120 (25, 351) 



Unknown causes 780-793,795 3 3.0 100 (21, 293) 



Accidents E800-962 15 19.2 78 (44, 129) 



_/Other Causes 17 38.6 44 (26, 71) 



*The SMR is calculated only if the observed number of deaths is two or more. 
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'table 6
 



" Chloroprene Mortality Study
 
Observed and Expected Numbers of Deaths and
 



Standardized Mortality Ratios for Selected Causes.
 
"High Exposure" Subcohort. 1957-1974
 



lCD Code 
Cause of Death (7th Rev.) OBS EXP 5MB.* 



All causes	 91 120.8 75
 



All malignant neoplasms 140-205 25 23.4 107
 



MN of buccal cavity
 
and pharynx 140-148 1 0.8
 



MN	 of digestive system 150-159 8 6.4 125
 



MN of esophagus 150 1 0.5
 



MN of stomach 151 o 1.2
 



MN of intestine
 
except rectum 152,153 1 1.9
 



MN of rectum 154 1 0.7
 



MN of biliary
 
passages and liver 155 3 0.4 .750
 



MN of pancreas 157 2 1.3
 



MN	 of respiratory system 160-164 10 8.3 120
 



MN of larynx 161 o 0.4
 



liN of trachea,
 
bronchus, and lung 162,163 10 7.8 128
 



MN of other parts of
 
respiratory system 160 J 164 o 0.1
 



*The 5MB. is calculated only if the observed number of deaths is two 



95% 
Confidence 



Limits 



(61, 92) 



(69, 158) 



(54. 246) 



(155,2192) 



(58, 222) 



or more. 
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'table 6 
• (continued) 



95% 
lCD Code Confidence 



Cause of Death (7th Rev.) OBS EXP SMR* Limits 



MN of male genital system 177~179 1 1.0 



MN of prostate 177 . 1 0.9 



MN of urinary system 180-181 0 1.1 



MN of bladder and 
other urinary organs 181 0 0.6 



MN of other and 165, 
unspecified sites 190-199 1 3.1 



MN of 1ymphaticl 200-205 4 2.5 160 (44, 410) 
hematopoietic system 



Hodgkin's disease 201 2 0.4 



Leukemia and aleukemia 204 2 1.0 



Other neoplasms of 
1ymphatic/ 
hema~opoietic system 202,203,205 0 0.3 



Vascular lesions affecting 
central nervous system 330-334 3 6'.4 47 (10, 137) 



Diseases of the 
circulatory system 400-468 40 53.4 75 (54, 102) 



Selected diseases of 540,541,543, 
the digestive system 560-570;581 3 5.7 53 (11, 154) 



Selected diseases of 590-600,602, 
the genito-urinary system 604,610-637 3 1.2 250 (52, 731) 



Unknown causes 780-793,795 1 1.5 



Accidents E800-962 7 9.8 71 (29, 147) 



Other Causes 9 19.2 47 (21, 89) 



*The SMR is calculated only if the observed number of deaths is two or more. 











*The SMa is calculated only if the observed number of deaths is two or'more. 
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Table 7 
(continued) 



95% 
lCD Code Confidence 



Cause of Death <7th Rev.) OBS EXP SMR* Limits 



MN of male genital system 177-179 1 



MN of prostate 177 1 



MN of urinary system 180-181 1 



MN of bladder and 
other urinary organs 181 1 0.6 



MN of other and 165, 
unspecified sites 190-199 1 



MN of lymphatic! 200-205 3 2.S 120 
hematopoietic system
 



Hodgkin's disease 201 o 0.4
 



Leukemia and aleukemia 204 2 1.0
 



Other neoplasms of
 
lymphatic! 
hematopoietic syatem 202,203,205 1 0.4 



Vascular lesions affecting 
central nervous system 330-334 15 6.9 217 



Diseases of the 
circulatory system 400-468 40 55.7 72 



Selected diseases of 540,541,543, 
the digestive system 560-570,581 3 5.6 S4 



Selected diseases of 590-600,602, 
the genito-urinary system 60~,610-637 o 1.3 



Unknown causes 780-793,795 2 1.5 



Accidents E800-962 8 9.3 86 



Other. Causes 8 19.3 41 



*The SMR is calculated only if the observed number of deaths is two 



(25, 351) 



(122, 359) 



. (51, 9S) 



(11, 157) 



(37, 170) 



(IS, 82) 



or more. 
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Table 8
 



Chloroprene Mortality Study
 
Observed and Expected Numbers of Deaths and
 



Standardized Mortality Ratios for Selected Causes.
 
Chemical Operators. 1957-1974
 



lCD Code 
Cause of Death (7th Rev.) OBS EXP SMR* 



All Causes 31 44.1 70 



All malignant neoplasms 140-205 8 8.2 98 



MN of buccal cavity 
and pharynx 140-148 1 0.3 



MN of d,igestive system 150-159 2 2.1 



MN of respiratory system 160-164 3 2.9 103 



MN of male genital system 177-179 o 0.3 



MN of urinary system 180-181 o 0.4 



MN of other and 
unspecified sites 



156B, 165, 
190-199 o 1.2 



MN of lymphaticl 
hematopoietic system 200-205 2 1.0 



Vascular 
central 



lesions affecting 
nervous system 330-334 1 1.8 



Diseases of the 
circulatory system 400-468 12 18.0 67 



Selected diseases of 
the digestive system 



540,541,543. 
560-570.581 1 2.4 



Selected diseases of 590-600.602. 
the genito-urinary system 604.610-637 2 0.4 



Unknown causes .780-793.795 o 0.6 



Accidents E800-962 3 5.0 60 



Other causes 4 7.6 53 



95% 
Confidence 



Limits 



(48. 100) 



(42. 192) 



(21. 302) 



(12. 175) 



(14. 135) 



*The SMR is calculated only if the observed number of de~ths is two or more. 
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Table 9 



" Chloroprene Mortality Study
 
Observed and Expected Numbers of Deaths and
 



Standar~ized Mortality Ratios for Selected Causes.
 
Maintenance Mechanics, 1957-1974
 



95% 
ICD Code Confidence 



Cause of Death (7th Rev.) OBS EXP SMR* Limits 



All causes 45 64.4 70 (51, 94) 



All malignant neoplasms 140-205 12 12.7 94 (49, 165) 



MN of buccal cavity 
and pharynx 140-148 0 0.5 



MN of digestive system 150-159 5 3.6 139 (45, 324) 



!iN of biliary 
passages and liver 155 3 0.2 1500 (309,4383) 



MN of respiratory system 160-164 4 4.5 89 (24, 228) 



MN of male genital system 177-179 1 0.6 



MN of urinary system 1'80-181 0 0.7 



MN of other and 156B,165, 
unspecified sites 190-199 1 1.6 



MN of lymphaticl 
hematopoietic system 200-205 1 1.3 



Vascular lesions affecting 
central nervous system 330-334 1 3.8 



Diseases of the 
circulatory system 400-468 22 29.5 75 (47, 113) 



Selected diseases of 540,541,543, 
the digestive system 560-570,581 2 2.9 



Selected diseases of 590-600,602, 
the genito-urinary system 604,610-637 1 0.6 



Unknown causes 780-793,795 0 0.8 



Accidents E800-962 2 4.3 



Other causes 5 9~8 51 (11, 119) 



'*The SMR is calculated only if the observed number of deaths is two or more. 
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Table 10
 



Chloroprene Mortality Study
 
Observed and Expected Numbers of Deaths and
 



Standardized Mortality Ratios for Selected Causes.
 
Other High Exposure Occupations, 1957-1974
 



·95% 
ICD Code Confidence 



Cause of Death (7th Rev.) OBS EXP 5MB.* Limits 



All causes 16 19.8 81 (46, 131) 



All malignant neoplasms 140-205 5 3.9 128 (42, 299) 



MN of buccal cavity 
and pharynx 140-148 0 0.1 



MN of digestive system 150-159 1 1.1 



MN of respiratory system 160-164 3 1.4 214 (44, 626) 



MN of male genital system 177-179 0 0.2 



MN of urinary system 180-181 0 0.2 



MN of other and 156B t 165 t 
unspecified sites 190-199 0 0.5 



MN of lymphaticl 
hematopoietic system 200-205 1 . 0.4 



Vascular lesions affecting 
central nervous system 330-334 1 1.1 



Diseases of the 
circulatory system 400-468 7 9.0 78 (31, 160) 



Selected diseases of 540,541,543, 
the digestive system 560-570,581 0 0.9 



Selected diseases of 590-600 t o02, 
the genito-ur~nary system 604,610-637 0 0.2 



Unknown causes 780-793,795 1 0.2 



Accidents E800-962 2 1.4 



Other causes 0 3.1 



*The SMR is calculated only if the observed number of deaths is two or more. 
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Table 11
 



Ch1oroprene Mortality Study
 
Observed and Expected Numbers of Cancer Deaths
 



by Major Organ System and by Latency
 
Total Cohort, 1957-1974
 



< 10 Years 10 to 20 Years 20+ Years 
of Latency of Latency of Latency 



lCD Code 2*.Primary Site Oth Rev.) OBS EXP OBS EXP OBS EXP X 



All malignant 
neoplasms 140-205 1 2.0 13 16.9 37 28.8 3.20 



Buccal cavity 
and pharynx 140-148 0 0.1 0 0.6 . 1 1.0 0.60 



Digestive 
system 150-159 0 0.5 5 4.6 14 8.0 1.59 



Respiratory 
system 160-164 1 0.4 5 5.7 13 10.8 0.01 



Male genital 
system 177-179 0 0.1 0 0.6 2 1.6 0.77 



Urinary system 180-181 0 .0.1 0 0.8 1 1.6 0.50 



Other and 
unspecified 165 J 



sites 190-199 0 0.4 0 2.5 2 3.3 1.49 



Lymphaticl 
hematopoietic 
system 200-205 0 0.4 3 2.0 4 2.6 0.29 



2*p < .05 if x > 3.84 
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) Table 16 



Chloroprene Mortality Study 
Observed and Expected Numbers of Cancer Deaths 



by Major Organ System and by Latency 
Other High Exposure Occupations, 1957-1974 



< 10 Years 
of Latency 



10 to 20 Years 
of Latency 



20+ Years 
of Latency 



Primary Site 
leD Code 
(7th Rev.) OBS EXP OBS EXP OBS EXP 2*



X 



All malignant 
neoplasms 140-205 1 0.5 1 1.4 3 2.0 0.002 



Buccal cavity 
and pharynx 140-148 0 0.0 0 0.1 0 0.1 0.00 



Digestive 
system 150-159 1 0.1 0 0.4 0 0.6 0.00 



Respiratory 
system 160-164 0 0.2 1 0.5 2 0.7 0.55 



Hale genital 
system 177-179 0 0.0 0 0.0 0 0.1 0.00 



Urinary system 180-181 0 0.0 0 0.1 0 0.1 0.00 



Other and 
unspecified 
sites 



165, 
190-199 0 0.1 0 0.2 0 0.2 0.00 



Lymphaticl 
hematopoietic 
system 200-205 0 0.1 0 0.2 1 0.2 1.14 



*p < .05 if X2 
> 3.84 











~. 



t. 
,.. 



f , 
-, table 17 



Chloroprene Mortality Study 
Observed and Expected Numbers of Cancer Deaths 



by Major Organ System and by Duration of Exposure 
Total Cohort. 1957-1974 



< 10 Years 
of Exposure 



10 to 20 Years 
of Exposure 



20+ Years 
of Exposure 



Primary Site 
ICD Code 
(7th Rev.) OBS EXP OBS EXP OBS EXP 2*X 



All malignant 
neoplasms 140-205 4 4.3 21 19.8 26 23.5 0.09 



Buccal cavity 
and pharynx 140-148 0 0.1 0 0.7 1 0.9 0.76 



Digestive 
system 150-159 1 1.1 8 5.6 10 6.3 0.25 



Respiratory 
system 160-164 1 1.3 6 6.6 12 9.1 0.68 



Male genital 
system 177-179 0 0.2 2 1.0 0 1.0 0.64 



Urinary system 180-181 0 0.2 1 1.0 0 1.2 0.42 



Other and 
unspecified 
sites 



165. 
190-199 ,0 0.7 1 2.7 1 2.8 0.11 



Lymphatic/ 
. hematopoietic 



system 200-205 2 0.7 3 2.2 2 2.1 1.13 



*p < .05 if X2 
> 3.84 
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Ch1oroprene Mortality Study 
Observed and Expect~d Numbers of Cancer Deaths 



by Major Organ Sys tem and by Duration of Exposure 
Chemical Operator., 1957-1974 



. 



< 10 Years 
of Exposure 



10 to 20 Years 
of Exposure 



20+ Years 
of Exposure 



Primary Site 
ICD Code 
(7th Rev.) OBS EXP OBS EXP OBS EXP 2*X 



All malignant 
neoplasms 140-205 3 2.9 2 2.4 3 2.8 0.00 



Buccal cavity 
and pharynx 140-148 0 0.1 0 0.1 1 0.1 1.50 



Digestive 
system 150-159 2 0.7 0 0.6 0 0.7 2.85 



Respiratory 
system 160-164 0 1.0 1 0:8 2 1.1 1.65 



Me 1e geni ta1 
system 177-179 0 0.1 0 0.1 0 0.1 0.00 



Urinary system 180-181 0 0.1 0 0.1 0 0.1 0.00 



Other and 
unspecified 
sites 



165, 
190-199 ·0 0.5 0 0.4 0 0.4 0.00 



Lymphatic/ 
hematopoietic 
system 200-205 1 0.4 1 0.3 0 . 0.3 0.46 



*p < .05 if X2 
> 3.84 











Table 21 



Chloroprene Mortality Study 
Observed and Expected Numbers of Cancer Deaths 



by Major Organ System and by Duration of Exposure 
Maintenance Mechanics, 1957-1974 



< 10 Years 
of Exposure 



10 to 20 Years 
'of Exposure 



20+ Years 
of Exposure 



Primary Site 
lCD Code 
(7th Rev.) OBS EXP OBS EXP OBS EXP 2*X 



All malignant 
neoplasms 140-205 3 4.0 7 5.3 2 3.4 0.02 



Buccal cavity 
and pharynx 140-148 0 0.1 o 0.2 o 0.1 0.00 



Digestive 
system 150-159 1 1.1 4 1.5 o 0.9 0.17 



Respiratory 
system 160-164 1 1.4 1 1.8 2 1.3 0.49 



. Male genital 
system 177-179 0 0.2 1 0.3 o 0.2 0.00 



Urinary system 180-181 0 0.2 o 0.3 o 0.2 0.00 



Other and 
unspecified 
sites 



165, 
190-199 1 0.6 o 0.6 o 0.4 1.25 



Lymphaticl 
hematopoietic 
system 200-205 0 0.5 1 0.5 o 0.3 0.04 



*p < .05 if X2 
> 3.84 



T- /1l.P30 
F:rJb 



. .
 












munter_2007a.pdf




A



m
(
E
(
i
(
b
p
(
3
A
c
o
t
o
e
t
©



K



f



w



S



0



Chemico-Biological Interactions 166 (2007) 323–331



The metabolism and molecular toxicology of chloroprene



Tony Munter a,b,1, Lisa Cottrell a, Rikas Ghai b,
Bernard T. Golding b,∗, William P. Watson a,∗∗



a Syngenta Central Toxicology Laboratory, Alderley Park, Macclesfield SK10 4TJ, UK
b School of Natural Sciences-Chemistry, Bedson Building, University of Newcastle upon Tyne, Newcastle upon Tyne NE1 7RU, UK



Available online 3 June 2006



bstract



Chloroprene (2-chloro-1,3-butadiene, 1) is oxidised by cytochrome P450 enzymes in mammalian liver microsomes to several
etabolites, some of which are reactive towards DNA and are mutagenic. Much less of the metabolite (1-chloroethenyl)oxirane



2a/2b) was formed by human liver microsomes compared with microsomes from Sprague-Dawley rats and B6C3F1 mice.
poxide (2a/2b) was a substrate for mammalian microsomal epoxide hydrolases, which showed preferential hydrolysis of the



S)-enantiomer (2b). The metabolite 2-chloro-2-ethenyloxirane (3a/3b) was rapidly hydrolysed to 1-hydroxybut-3-en-2-one (4) and
n competing processes rearranged to 1-chlorobut-3-en-2-one (5) and 2-chlorobut-3-en-1-al (6). The latter compound isomerised to
Z)-2-chlorobut-2-en-1-al (7). In microsomal preparations from human, rat and mouse liver, compounds 4, 5 and 7 were conjugated
y glutathione both in the absence and presence of glutathione transferases. There was no evidence for the formation of a chloro-
rene diepoxide metabolite in any of the microsomal systems. The major adducts from the reaction of (1-chloroethenyl)oxirane
2a/2b) with calf thymus DNA were identified as N7-(3-chloro-2-hydroxy-3-buten-1-yl)-guanine (20) and N3-(3-chloro-2-hydroxy-
-buten-1-yl)-2′-deoxyuridine (23), with the latter being derived by alkylation at N-3 of 2′-deoxycytidine, followed by deamination.
dducts in DNA were identified by comparison with those derived from individual deoxyribonucleosides. The metabolite (Z)-2-



hlorobut-2-en-1-al (7) formed principally two adducts with 2′-deoxyadenosine which were identified as a pair of diastereoisomers
f 3-(2′-deoxy-�-d-ribofuranosyl)-7-(1-hydroxyethyl)-3H-imidazo[2,1-i]purine (25). The chlorine atom of chloroprene thus leads
o different intoxication and detoxication profiles compared with those for butadiene and isoprene. The results infer that in vivo



xidations of chloroprene catalysed by cytochrome P450 are more important in rodents, whereas hydrolytic processes catalysed by
poxide hydrolases are more pronounced in humans. The reactivity of chloroprene metabolites towards DNA is important for the
oxicology of chloroprene, especially when detoxication is incomplete.
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1. Introduction



In 1930, the first synthetic rubber for manufacture was
produced when Collins isolated chloroprene (2-chloro-
1,3-butadiene, 1) and observed its polymerisation [1].
Subsequently, Carothers and his co-workers in the labo-



ratory of Elmer K. Bolton, at E.I. Du Pont de Nemours
and Company synthesised chloroprene by treating viny-
lacetylene with HCl [2]. Dupont first marketed poly-
chloroprene (Duprene, later called Neoprene) in 1931
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[1]. Today, chloroprene is a bulk industrial chemical used
almost exclusively in the manufacture of Neoprene, a sol-
vent resistant elastomer for automotive parts, wire and
cable encasing, adhesives and personal protection equip-
ment [3].



There are no known environmental or dietary sources
of chloroprene. Occupational exposures may occur by
inhalation or dermal absorption [4]. Concern over possi-
ble risks to human health from exposure to chloroprene
led to investigations of its toxicity and carcinogenicity.
Cohort studies suggested an increase in the risk of lung
and liver cancers among workers exposed to chloroprene
[5–8]. The existing studies are however considered to
be limited by poor exposure characterisation, lack of
control of potential confounding factors, incomplete-
ness in cohort enumeration, short follow up periods,
and the small number of cancer cases [5]. Genotoxi-
city studies of chloroprene using the Ames test have
reported both positive [9] and negative [10] responses.
However, the reported mutagenicity of chloroprene in
the absence of mammalian enzymes has been attributed
to decomposition products in aged samples of chloro-
prene [11]. In vivo studies showed no increase in the
frequencies of sister chromatid exchanges, chromosomal
aberrations or micronucleated erythrocytes in the bone-
marrow or peripheral blood from B6C3F1 mice exposed
to chloroprene [12]. A 2-year study with F344/N rats
and B6C3F1 mice exposed to chloroprene by inhala-
tion showed that it was carcinogenic in both species
for concentrations in the range 12–80 ppm [13]. In the
rat chloroprene was carcinogenic to the oral cavity, thy-
roid gland, lung, kidney and mammary gland, whereas
in mice the affected organs were lung, circulatory sys-
tem, Harderian gland, kidney, forestomach, liver, mam-
mary gland, skin, mesentery and Zymbal’s gland. The
carcinogenic potency of chloroprene in mice was sim-
ilar to that of 1,3-butadiene. The International Agency
for Research on Cancer has classified chloroprene as a
group 2B carcinogen (possible human carcinogen) on
the basis of sufficient evidence for carcinogenicity in
experimental animals but inadequate evidence in humans
[14].



This paper reviews the in vitro mammalian
metabolism of chloroprene and the reactivity of metabo-
lites towards DNA, primarily using data from experi-
ments performed at Newcastle University and Syngenta
in the period 2000–2004. The toxicological profile of
chloroprene in vivo will depend on the balance between



oxidative metabolism by cytochrome P450 leading to
epoxides and �,�-unsaturated carbonyl compounds and
the detoxications by hydrolysis and conjugation with
glutathione (GSH).
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2. Experimental



2.1. Microsomal oxidation of chloroprene



Rat, mouse and human liver microsomes were incu-
bated with 1–40 mM chloroprene, NADPH (4.2 mg) and
cyclohexene oxide (14 mM) in 0.1 M phosphate buffer
(pH 7.4) in a total volume of 1 mL [15]. The micro-
somal protein concentration was 2.3 mg/mL. The mix-
tures were incubated with rolling agitation for 30 min
at 37 ◦C. After terminating the reactions by addition of
saturated NaCl, the mixtures were extracted with ethyl
acetate. The extracts were analysed by a GC/MS sys-
tem consisting of a Hewlett Packard 5973 mass selective
detector and Hewlett Packard 6890 gas chromatograph.
The compounds were separated on a Chiraldex G-PN
(gamma cyclodextrin propionyl) chiral capillary col-
umn (30 m × 0.25 mm i.d.). Metabolites were detected
by selected ion monitoring.



2.2. Conjugation reactions with GSH



Rat, mouse and human liver microsomes were incu-
bated with 0.01–10 mM chloroprene in acetonitrile
(5 �L), 10 mM NADPH, and [35S]GSH (0.01–10 mM) in
0.1 M phosphate buffer (pH 7.4) in a total volume of 1 mL
[16]. The microsomal protein content was 1.5 mg/mL.
The mixtures were incubated at 37 ◦C for 30 min with
shaking. After the addition of acetonitrile the mixtures
were centrifuged and the supernatants analysed by HPLC
with radiochemical and mass spectrometric detection.



2.3. Reactions of (1-chloroethenyl)oxirane with
nucleosides



Each of the nucleosides 2′-deoxyadenosine, 2′-
deoxyguanosine, 2′-deoxycytidine, and thymidine were
allowed to react with a 10 molar excess of
(1-chloroethenyl)oxirane in solutions of 1:4 (v/v)
methanol–0.1 M phosphate buffer (pH 7.4) and the reac-
tion mixtures were stirred for extended periods at 37 ◦C.
The adducts were separated and purified by reversed-
phase chromatography and their structures were deter-
mined by UV, NMR and mass spectrometry [17].



2.4. Reaction of (Z)-2-chlorobut-2-en-1-al with
2′-deoxyadenosine



A 10 molar excess of (Z)-2-chlorobut-2-en-1-al (7)



was allowed to react with 2′-deoxyadenosine in 0.1 M
phosphate buffer solution (pH 9.2) with stirring at 70 ◦C
for 42 h. Adducts were isolated from the reaction mixture
by reversed-phase HPLC and structures were elucidated
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y UV, fluorescence, NMR and mass spectrometric anal-
ses.



.5. Reaction of (1-chloroethenyl)oxirane with DNA



Double stranded calf thymus DNA (5 mg) was reacted
ith (1-chloroethenyl)oxirane (40 mg, 0.39 mmol) in
mL of 0.1 M phosphate buffer (pH 7.4) for 48 h at
7 ◦C [17]. The DNA was precipitated by addition of
M NaCl, cold ethanol and the mixture centrifuged. The
odified DNA was hydrolysed both thermally and enzy-
atically. N-7 guanine adducts were released from the
NA by heating at 95 ◦C for 1 h. The DNA was enzy-
atically hydrolysed by addition of nuclease P1, alkaline



nd acid phosphatases. The adducts were analysed and
uantified by liquid chromatography/electrospray ioni-
ation tandem mass spectrometry.



.6. Reference standards



Synthetic reference standards of metabolites and
SH-conjugates were prepared as previously described



15,16].



. Oxidative metabolism of chloroprene



In 1979, it was suggested that epoxides could
e formed by the action of mouse liver micro-
omes on chloroprene on the basis of the finding that
-(4-nitrobenzyl)pyridine trapped a volatile metabo-
ite [18]. In 2001, Himmelstein et al. reported (1-
hloroethenyl)oxirane (2a/2b) in the rat liver microso-
al metabolism of chloroprene [19] and showed this



poxide to be mutagenic in S. typhimurium [20]. At
he same time we reported that (1-chloroethenyl)oxirane
2a/2b) was a major product from oxidation of chloro-
rene by liver microsomes from humans, rats and mice
15]. The objective of our work was to understand the
ammalian oxidative metabolism of chloroprene, deter-
ine the structures and, where appropriate, the stereo-



hemistry of metabolites and determine whether there
re species differences between rodents and humans.
n our studies the metabolism of chloroprene by liver
icrosomes from Sprague-Dawley rats, Fischer 344



ats, B6C3F1 mice and humans was comprehensively
nvestigated [15]. The metabolites were analysed by
C/MS and identified by comparison of their chro-
atographic and mass spectrometric features with syn-


hetic reference standards. In the presence of the epoxide
ydrolase inhibitor cyclohexene oxide, chloroprene was
etabolised to (1-chloroethenyl)oxirane (2a/2b) and 2-



hloro-2-ethenyloxirane (3a/3b) by cytochromes P450
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(Scheme 1). (1-Chloroethenyl)oxirane (2a/2b) was the
major metabolite detected in all species of either gen-
der. The metabolite 2-chloro-2-ethenyloxirane (3a/3b)
was rapidly hydrolysed in the microsomal mixture to
1-hydroxybut-3-en-2-one (4). Minor metabolites were
identified as 1-chlorobut-3-en-2-one (5), 2-chlorobut-
3-en-1-al (6) and (Z)-2-chlorobut-2-en-1-al (7). Com-
pounds 5 and 6 could be formed either by rearrange-
ment of 2-chloro-2-ethenyloxirane or by direct oxi-
dation of chloroprene by cytochrome P450. (Z)-2-
Chlorobut-2-en-1-al (7) was formed by isomerisation
of the less thermodynamically stable 2-chlorobut-3-en-
1-al (6). The metabolites 1-hydroxybutan-2-one (8),
1-chlorobutan-2-one (9), 1-chloro-2-hydroxy-but-3-ene
(10) and 2-chlorobutanal (11) were also detected as
further metabolic reduction products. All the metabo-
lites identified from the metabolism of chloroprene by
rat liver microsomes were also formed by mouse and
human liver microsomes. The major metabolite (1-
chloroethenyl)oxirane (2a/2b) was found to be stable
in the absence of epoxide hydrolase. Synthesis of (S)-
(1-chloroethenyl)oxirane (2b) made it possible to study
the enantioselectivity of the microsomal epoxidation.
For Sprague-Dawley rats the ratio of (R)-(2a) to (S)-
(1-chloroethenyl)oxirane (2b) was 1.56:1 (males) and
1.29:1 (females). The ratios for Fischer 344 rats were
similar. For B6C3F1 mice, the R:S ratios were 0.90:1
(males) and 0.86:1 (females). The R:S ratios for humans
were 0.75:1 (males) and 0.77:1 (females). These results
show that the human system is markedly different from
the rat and mouse systems.



Oxidation of chloroprene by 3-chloroperoxybenzoic
acid in chloroform gave chloro-2,2′-bioxirane (12),
which rearranged to 1-chloro-3,4-epoxy-butan-2-one
(13) under aqueous conditions (Scheme 2). If formed
by microsomal oxidation of chloroprene, chloro-2,2′-
bioxirane (12) is therefore expected to be con-
verted into 1-chloro-3,4-epoxy-butan-2-one (13). How-
ever, 1-chloro-3,4-epoxy-butan-2-one (13) was not
detected in incubations of either chloroprene or (1-
chloroethenyl)oxirane (2a/2b) with B6C3F1 mouse or
Sprague-Dawley rat liver microsomes [16]. In that sense,
the metabolism differs from that of isoprene [21,22] and
butadiene [23,24], which both generate diepoxides in
addition to monoepoxides.



4. Detoxication of chloroprene metabolites


4.1. Detoxication of chloroprene with GSH



The reactions of electrophilic metabolites with GSH
are an important cellular defence mechanism leading to
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ations a


Scheme 1. Metabolic pathways for chloroprene [the design



water-soluble, less reactive conjugates that can be more
readily excreted [25]. Conjugation of electrophiles with
GSH occurs either spontaneously or by catalysis with
GSH transferases. In 1980, Summer and Greim stud-
ied the metabolism and detoxication of chloroprene in
rats [26]. They found that chloroprene caused signifi-



cant depletion of hepatic GSH and formation of GSH
conjugates with an increase of excretion of thioethers,
which were not identified. In our initial in vitro stud-



Scheme 2. Epoxidation of (1-chloroethenyl)oxirane.


and b refer to the (R)- and (S)-enantiomers, respectively].



ies, chloroprene was incubated with Sprague-Dawley
rat liver microsomes, which were supplemented with
GSH either pre- or post-incubation [16]. The effect
of GSH transferases on the conjugation reactions was
studied by addition of liver cytosol to the incuba-
tions. The results from these studies showed that the
metabolites 1-hydroxybut-3-en-2-one (4), 1-chlorobut-
3-en-2-one (5) and (Z)-2-chlorobut-2-en-1-al (7) were
rapidly conjugated with GSH even in the absence of
GSH transferases and that no non-conjugated metabo-
lites could be detected. For qualitative and quantitative
studies on the detoxication of chloroprene, [35S]-GSH
was incubated with liver microsomes from Sprague-
Dawley rats, B6C3F1 mice and humans. The reac-
tions were analysed by HPLC with radiochemical
detection and LC/MS analysis. The GSH conjugates



were identified as 1-hydroxy-4-(S-glutathionyl)butan-
2-one (14), 1,4-bis-(S-glutathionyl)butan-2-one (15)
and (Z)-2-(S-glutathionyl)but-2-en-1-al (16). In the
LC/MS, a peak from a fourth radiolabeled con-
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ugate was detected, which was either 2-chloro-3-
ydroxy-4-(S-glutathionyl)butene (17) or 1-chloro-4-(S-
lutathionyl)butan-2-one (18). It was not possible to
dentify this peak unambiguously because both com-
ounds had the same chromatographic and mass spec-
ral features. The total amounts of GSH conjugates
ormed in the liver microsomes were in the order
ouse > rat > human.



.2. Detoxication of chloroprene metabolites with
poxide hydrolases



Epoxide hydrolases in the liver and other tis-
ues of mammals catalyse the hydrolysis of epox-
des to more water-soluble and easily excretable vic-
nal diols and are therefore an important defence in
ddition to GSH [25,27]. In microsomal oxidations
arried out in the absence of an epoxide hydrolase
nhibitor neither 2-chloro-ethenyl-2-oxirane (3a/3b) nor
1-chloroethenyl)oxirane (2a/2b) were detected [15].



ith 2-chloro-2-ethenyloxirane (3a/3b) it was not pos-
ible to distinguish between the hydrolysis by epox-
de hydrolase and spontaneous hydrolysis, because 1-
ydroxybut-3-en-2-one (4) was formed in both reac-
ions. (1-Chloroethenyl)oxirane (2a/2b) was not detox-
cated by GSH in microsomal oxidations in the absence
f transferase enzymes. Instead, it was a substrate
or epoxide hydrolases and was preferentially hydrol-
sed to 3-chlorobut-3-ene-1,2-diol (19a/19b). A GC/MS
ethod was developed that allowed detection of the



nantiomers of (1-chloroethenyl)oxirane (2a/2b) at low
hloroprene concentrations [16]. The relative ratio of
he R-enantiomer formed in microsomal oxidations with
0 �M–10 mM chloroprene in mouse, rat or human
icrosomes was about 20:4:1. At a chloroprene con-



entration of 10 �M, the S-enantiomer could only be
etected in incubations with mouse microsomes, but
ot with rat or human liver microsomes. At chloro-
rene concentrations ranging from 100 �M to 10 mM,
he S-enantiomer was detected with rat liver micro-
omes, but at concentrations about 10 times lower than
hose observed with mouse liver microsomes. The S-
nantiomer could not be detected at all in human liver
icrosomes. These studies demonstrated that hydrol-



sis catalysed by epoxide hydrolase was selective for
S)-(1-chloroethenyl)oxirane (2b) resulting in an accu-
ulation of the R-epoxide (2a). Much lower amounts of



1-chloroethenyl)oxirane (2a/2b) were produced in the



uman microsomes compared with the rat and mouse
icrosomes. The oxidative processes are more impor-



ant in the rodent systems and the hydrolytic process
s more pronounced in the human model. It is there-
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fore likely that there is a significant difference in the
in vivo toxicology of chloroprene between humans and
rodents. Recently, Himmelstein et al. studied the kinet-
ics of chloroprene oxidation to (1-chloroethenyl)oxirane
(2a/2b) and its subsequent metabolism by microsomal
epoxide hydrolase and cytosolic GSH transferase in liver
and lung tissue fractions from mice, rats, hamsters and
humans [28]. Oxidation of chloroprene in the liver was
slightly faster with mouse and hamster tissue than with
rat or human tissue. In the lung, the oxidation rate was
much faster for mice than for the other species. The
kinetic data have been used to develop a toxicokinetic
model to aid in chloroprene risk assessment [29].



5. Nucleoside and DNA reactivity of metabolites



5.1. Identification of nucleoside adducts of
(1-chloroethenyl)oxirane and
(Z)-2-chlorobut-2-en-1-al



Chloroprene is metabolised by cytochrome P450
to electrophilic metabolites susceptible to attack by
nucleophilic groups of the DNA bases. The reactions of
racemic (1-chloroethenyl)oxirane (2a/2b) with each of
the four DNA nucleosides and calf thymus DNA were
studied at 37 ◦C in aqueous phosphate buffer solution at
pH 7.4 [17]. The adducts were isolated by reversed-phase
HPLC and structurally characterised by their UV, NMR
and mass spectrometric features. The reaction with 2′-
deoxyguanosine gave one major adduct, N7-(3-chloro-
2-hydroxy-3-buten-1-yl)-guanine (20) (Scheme 3) and
eight minor adducts, which were diastereoisomeric pairs
of N1-(3-chloro-2-hydroxy-3-buten-1-yl)-2′-deoxygua-
nosine, N3,N7-bis(3-chloro-2-hydroxy-3-buten-1-yl)-
guanine, N1,N7-bis(3-chloro-2-hydroxy-3-buten-1-yl)-
guanine, and N7,N9-bis(3-chloro-2-hydroxy-3-buten-1-
yl)-guanine. (1-Chloroethenyl)oxirane (2a/2b) reacted
with 2′-deoxyadenosine to give N1-(3-chloro-2-hyd-
roxy-3-buten-1-yl)-2′-deoxyadenosine (21) and N6-
(3-chloro-2-hydroxy-3-buten-1-yl)-2′-deoxyadenosine
(22). The initial reaction occurred at N-1 of 2′-deoxya-
denosine to give adduct 21, which underwent a Dimroth
rearrangement to afford the N-6 adduct 22. However,
deamination of the N-1 adduct did not occur under
the reaction conditions. With the 2′-deoxyadenosine
adducts of styrene oxide, inosine formation is favoured
when a 2-hydroxyalkyl group at N-1 of adenosine
contains a primary rather than a secondary hydroxyl



group [30]. The reaction of 2′-deoxycytidine with (1-
chloroethenyl)oxirane (2a/2b) took place at N-3 to give
N3-(3-chloro-2-hydroxy-3-buten-1-yl)-2-deoxyuridine
(23) by deamination. The mechanism of formation of this
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Scheme 3. Adducts from the reaction of calf thymus DNA with (1-chloroethenyl)oxirane. dR = 2′-deoxyribose.



xycytid



omers showed strong fluorescence emission as expected
for etheno-derivatives of 2′-deoxyadenosine. The ribo-
side analogue of this adduct has been previously been
reported in a reaction of 2,3-epoxybutanal with adeno-


Scheme 4. Possible mechanisms for hydrolytic deamination of 2′-deo



adduct was studied by performing the reaction in H2O18



(Scheme 4). Analysis by LC–ESI-MS/MS demonstrated
that the 18O was incorporated in the carbonyl group.
The alternative mechanisms of formation of 23 are pre-
sented in Scheme 4. The labelling does not distinguish
between pathways A and B, but excludes pathway C.
Reaction of thymidine gave one major adduct, which
was identified as N3-(3-chloro-2-hydroxy-3-buten-1-
yl)-thymidine (24). The reactions of nucleosides with
(1-chloroethenyl)oxirane (2a/2b) occurred with high
regioselectivity for C-3′ giving adducts with one or two
3-chloro-2-hydroxy-3-buten-1-yl groups.



The metabolite (Z)-2-chlorobut-2-en-1-al (7) is a



reactive �,�-unsaturated aldehyde that has been shown
to be a potent mutagen in the Ames assay [31]. In
initial studies we have observed that (Z)-2-chlorobut-
2-en-1-al (7) reacts with 2′-deoxyadenosine to give two


ine following alkylation at N-3 with (1-chloroethenyl)oxirane.



major adducts. On the basis of their spectroscopic data,
the adducts were identified as a pair of diastereomers
of 3-(2′-deoxy-�-d-ribofuranosyl)-7-(1-hydroxyethyl)-
3H-imidazo[2,1-i]purine (25) (Scheme 5). Both diastere-


Scheme 5. Formation of an etheno-derivative of 2′-deoxyadenosine in
the reaction with (Z)-2-chlorobut-2-en-1-al.
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ine [32]. The mechanism of formation of the etheno-
erivatives from 7 is being investigated.



.2. Identification of DNA adducts of
1-chloroethenyl)oxirane



The formation of DNA adducts is a key element in
he multi-stage process of carcinogenesis [33]. The ras



utations induced by chloroprene in lung, Harderian
land, and forestomach neoplasms in B6C3F1 mice
howed a predominance of A → T transversions,
uggesting that this mutation may play a role in tumour
nduction by chloroprene [34,35]. Characterisation of
NA modifications by chloroprene metabolites is an



mportant step in understanding the carcinogenicity of
hloroprene. The metabolite (1-chloroethenyl)oxirane
2a/2b) has been shown to be mutagenic in S.
yphimurium both with and without metabolic acti-
ation by S9 [20]. (1-Chloroethenyl)oxirane (2a/2b)
77 mM) was reacted with double stranded calf thymus
NA (5 mg) under physiological conditions (pH 7.4,
7 ◦C) and the modified DNA was hydrolysed both
hermally and enzymatically [17]. The major adduct
etected in DNA was the base adduct 20. This arises
ia alkylation of N-7 of deoxyguanosine, which gives
n intermediate DNA-bound adduct with positive
harge at N-7/N-9. The initial adduct is unstable
nd 20 is released from the DNA. Adduct 20 was
etected in the supernatant after precipitation of the
odified DNA, and after depurination by thermal or



nzymatic hydrolysis. The total amount of adduct
0 corresponded to 9630 pmol/mg DNA. In addition,
3-(3-chloro-2-hydroxy-3-buten-1-yl)-2′-deoxyuridine



23) (240 pmol/mg DNA), N1-(3-chloro-2-hydroxy-
-buten-1-yl)-2′-deoxyadenosine (21) (83 pmol/mg)
NA and N6-(3-chloro-2-hydroxy-3-buten-1-yl)-
′-deoxyadenosine (22) (6 pmol/mg DNA) and
3-(3-chloro-2-hydroxy-3-buten-1-yl)-thymidine (24)



28 pmol/mg DNA) were detected in the enzymatic
ydrolysate. The observed selectivity for the formation
f the N-7 guanine adduct 20 can be rationalised by
he high nucleophilicity of N-7 and its accessibility in
ouble stranded DNA. The N-3 deoxyuridine adduct
3 may be an important mutagenic precursor due
o its stability in DNA and because of the different
ydrogen bonding characteristics compared with the
arent cytosine base. Structurally similar N-3 deoxyuri-
ine adducts have been reported for other epoxides



ncluding ethylene oxide [36,37], propylene oxide
38,39], ethenyl oxirane [40], styrene oxide [41,42],
nd cyanoethylene oxide [43] and epichlorohydrin
44].
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6. Conclusions



The metabolism of chloroprene gives (1-chloro-
ethenyl)oxirane (2a/2b) and 2-chloro-2-ethenyloxirane
(3a/3b), with the latter leading to hydroxyketones,
chloroketones and chloroaldehydes. Unlike with buta-
diene and isoprene a diepoxide was not observed as
a metabolite of chloroprene. Studies with liver micro-
somes showed that (1-chloroethenyl)oxirane (2a/2b)
was formed to a lesser extent in humans compared to
rodents. (1-Chloroethenyl)oxirane (2a/2b) was detoxi-
cated by microsomal epoxide hydrolases with the (S)-
isomer (2b) being hydrolysed faster in all species exam-
ined. Conjugations with GSH were an important detoxi-
cation pathway for 2-chloro-2-ethenyloxirane (3a/3b),
and the hydroxyketone, chloroketone and chloroalde-
hyde metabolites. With DNA (1-chloroethenyl)oxirane
gave one major adduct derived by nucleophilic attack of
N-7 of guanine on C-3′ of the epoxide, resulting in an
unstable intermediate that underwent depurination. All
the identified adducts contained at least one 3-chloro-2-
hydroxy-3-buten-1-yl group, showing that the reactions
of (1-chloroethenyl)oxirane (2a/2b) with the DNA bases
were highly regioselective. Strongly fluorescent, cyclic
etheno-derivatives were formed in the reaction of the
mutagenic metabolite (Z)-2-chlorobut-2-en-1-al (7) with
2′-deoxyadenosine. The formation of DNA adducts by
chloroprene metabolites is possibly involved in the com-
plex mechanisms of carcinogenesis of chloroprene, espe-
cially if the DNA modifications are ineffectively repaired
and disrupt base-pairing.
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~ ,
;'::~ . CHAPTER 1. 



.~~.):,. ; 
CHLOROPRENE AND ITS POLYMERS. 



It is known from in\'estigations made at the beginning of the 
, . .~,,:.~ ..	 present century that, if acet)'lelle is passed through &a.turated 



solutions of cuprouschloride in sodium- or anulloniumchloride, 
mono\'inylacetylene and di\'in)'lacetylene are formed. This re
action is due' to the polymerization of acetylene under the action of 
cuprouschlotide as a catalyzer (Krn'\\'LA:\n. CALcon. DOWSISG. 



CARTER J931, XIEl.."\\'LASD and YOGT J945). It is considered that 
acth'ated acetylene; probably =C=CH~. rearts with nom1al 
acetylene, forming mono\'inylacetylene: 



HC=CH + =C=CH2-+ HC=C~H=CH2mono\'inylacetylene 



This Teaction proceeds under the action of acetylene. u'hereupon 
clh'inylacetylene is formed: 



H 2C=CH-C=CH + =C=CH2 -+ H2C=CH~=C-eH=CHzdi"i
nylacetylene 



By the addition of hydrogenchloride to the \'inyl<lcctyJene under 
fa\'omaIJlc conditions, the product formed consists almost solely of 
chloroprene: 



HzC=CH-C:=CH + HCI-+H2C=~-CH=CH2 chloroprene 
CJ 



Chloroprene is a colourless liquid with a characteristic smtll. 
somewhat resembling that of ethylbromide. Its speciiic weight at 
':0' C is 0.9583. and at a presure of i60 mm. Hg it boils at 59.4· C. 
The flash-point of chloroprene is - 10· C. its molt'wlar weight 
88-46. It is soluble in ordinary organic sol\'ents such as benzol, 
alcohol. ether, c1110roform, etc. (As to its solubility in \\'ater. st'e 
Ch. IY.) :; 



: ' 
According to in\'estigations by RLlT (unpublished I and others, 



: ~ . 
II 



, . 
: ; 











chloroprene after a certain induction period absorbs oxygen at a rate 
. of a~out J volume of oxygen per volume chloropre'uf and per minute. 



',.. .<i'After addition of pyrocatechin the absorption of oX~'gen is reduced to 
ca. 2-3 per cent of that value. Detailed particulars as to which 
products ue fomled in the absorption oi oxygen could not be found 
in the- Jiter.l.ture. It has. howt\,tt, lx-eli shown that arid j~ prodD~. 



prohably. however. bound like a kind of lactone. Chloroprene has 
a marl,ed tendency to polymerization, a process that takcs place 
spontaneously and rapidl)' e\'en at room temperature. 



If chloroprene is allowed to stand at ordinary room temperature 
with the access of air. a polymer termed a-/,o!yrhloro/,rcllc is first 
formed. It can be isolated by precipitation \\"ith alcohol or b)' the 
distillation in a vacuum. It is plastic, that is to sa)' it easily changes 
its form on compressi"e or tensile strain and then rctaills this 
change of fom1. It is soluble in benzol. At a temperature of about 
30c C and with the access of air the a-polymer loses its plastic 



~ properties and in the course of twenty-four hours is almost 
completely changed into another polymeric {oml. the ~-polychloro
prelle. 



The p-po!)'IIIC'r is colourless or pale )·ellow. tTansparent and 
~lastic. t"esembling ~ft \"U1canil~ rubber. It i~ sparingly soluble 
and swells only under the actiol1 of carLol1tetrachloride, tarbon
disulphide, benzol, ether and a few other soh'ents. t:nder the action 
of air the I'-polymcr gradually gets darker in colour and after 
t\\'o or three weeks it is dark brown. At the same time it gtts harder. 
This change it attributable to autoxidation and can bt inhibited b)' 
treatment with anti-oxidation substances. 



If chloroprene is po1YTlleTized at higher temperature (about 
6o~ C) and in the absence of oxygen, p-polyr1Jlorotrc/lc is fonned. 
Jn 111e distillation of this product 1\\'0 fractions are obtained. The 
one distils at 9.2--9i c C at a pressure oi ~i 111m. Ht and the other 
at JI4-J18 c C at the same pressure. Both ha\'c the' characteristic 
terpencJik(' smell of the p-polychloroprene, The p-polymer is a 
relatively stable product, which has no tendency 10 pol:!o111CriZC 
further, For this reason, it is of no great importance in the TUbber 
industry. 



l"nder certain conditions the exact nature of which is not known, 
chloroprene yields a polymer. termed w-/,o!Y/IlCI". of granular 
structure. 1t consists of a Tather hard mass of small lustrous Tubber 
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granulae, Chloroprene can also yield several other pol)'mers if the 
conditions for the polymerization process are modified. The exact 
nature of these polymers, howe\'er, is not known, 



In analogy with the chemical structure of natural rubber, the 
molecules of y;hich are lmilt up of Jong cllaim of isoprene radi,als, 
it i .. cWJ,-.idere{] tl~t the chloroprenf pol.\1n<."n; c<msist <of chloru
prene radicals linked into chains, viz: 



Xatural rubber: 



-CHll-C=CH-CHa-CH.-C=CH-CH.- isoprene radical 
,I	 I 



CHI	 CHa 
Chloroprene polymers:
 



-CH.-C=CH-CHII-CH.-C=CH-CHt - • ". ch1oroprcne r&dical

• I	 I 



CI	 Cl 



\\"l1ereas the chain-formation of isoprene radicals is a rather 
slo\\' process, the corresponding reaction of the chloroprene radicals 
ItfOceeds much more rapidly; this is partly attributable to the 
Cl-atoll1, which sen'es as an acth·ator. 



The a-polymer is considered to have a purely linear structure 
with the chloroprene radicals arranged in long chail1s, whereas 
the p-polymer is supposed to have a tridimensional structure with 
the chains arranged in the {oml of "rings". This structure of the 
Q. and II-polYI;lers corresponds 'well wi'th the different reaction 
oj these substances to other chemical substances. The p-polymer 
is much more resistant to chemical action than the a-polymer. The 
exact chemical constitution of the p-polymer has not yet been 
ascertained, but there are nlan)' indications that it consists of a 
cvclic dimer of chloroprene. \\'e have an analogous product of 



j~oprene with such a structure. In "iew of the small :~a,cti~·.e 
tendcncy in the co-polymer, it may be presumed that the rmg
fonllati~n oi the chains ill this polymer has been carried ratller far. 



It is pointed out in the literaturE: that the ~bo\'.e-d~s.cribed 



polymer; should not be regarded as distillct chemIcal lIldl\'lduals, 
but as mixtures of polymeric modifications where the one or the' 
other modification predominates and determines the characteristic 
teatt1T~S of 'the 1'Of)-chloroprene (for the literature, see CAROTEERS, 
\YALLACE, \YILLJA),IS, COLLJ~S. KIRB\" J93J. CAROTHERS, COfF
!O.... :-: J932 and ELJ.IS 1935). 



In connection with the above description of the s)"1lthesis of 
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CHAPTER II. 



THE MEDICAL ASPECT OF OCCUPATIONAL
 
PROBLEMS IN CONNECTION WITH THE
 
PRODUCTION OF SYNTHETIC RUBBER IN
 



SWEDEN.
 



As PTeYiousl)" mentioned, it was found nther soon after the 
production of synthetic rubber on a manufacturing scale had started 
that the workers were exposed to injurious effects {rom their work 
At the beginrftng of )944 the present author made the first inyestiga
tions on this subject at a small pilot plant, which had then been 
running for barely a year. Even at this plant it seemed as though the 
risks in this ~spect "''e'l'c greater in «rtain departments than in 
others. But, in view of the fact that the same workers. from time to 
time. migllt by employed at several different places in the plant. 
it was diiiicult to locate the precise source of the trouble. In 
subsequently started factories, where the operation was ll10re 
rationally organized, and where the workers, generally !'peaking. 



. were obliged to confine themselyes to one stage in the work. it 
became evident, however. that only the 'workers in ('ertain depart
ments had symptoms oiill-health. 



Among the symptoms that manifested themselves among the 
workers in the rubber industry, an adverse change i11 the general 
condition was most ('ommon a.nd most marked. It was espe('ially 
the ~\'orkers in the department lor fractional distillation that 
complained a.bout this. It was found that 90 per cent of the workers 
(2J) in this department considered that they had got much more 
fatigued there than by tbeir pre\'ious employment in other branches. 
though they themselves classed the work in the synthetic rubher 
industry as light manual Jabour. The work in fact largely consists 
in the handling and control of apparatuses of difierent kinds. The 











: ~'. 



( 



{ 



r·.< 
; 
'., 



<l·~ 



:. 



r' ·. 
~...·~ '\ . 
') 



· i 



4:, 
,1 



k
! 



t 
r. ;. 



.f, 
. f'
1 ', , 



t; 
j 
I 



fatigue set in about one month after starting wo' 
said department, but in some cases after a shortel 
time. This feeling of fatigue made itself particularly 
the end of the day's work but often persisted till the 
21lorning. though it ..-as then much less mat'k~. Among tl 
there were aClive sportsmen, who5(' athletic performanc 
considerably, so tllat as a rule they were obliged to gho, 
athletics after employment for some time in this industry. 



In a great nlany cases the fatigue was combined with a 
of oppression diffusely spread O\'er the chest. It was 
even at a steady pace of work, but became more mark~ 



of intensified effort. Many of the workers then complaine' 
~'hich a'as sometinleS so intense thai: it was de~crib('d ac; 
and was localized under the sternum from the epigastrium 
region of the larynx. This symptom was strictly localizl 
said region, and no radiation to shoulder parts, back or 
been reported. Like the fatigue, these symptoms beca 
marked towards the end of the day's work, and the .....ork 
had gTeat difficulty in going {Tom the factory to their h 
many cases they had to rest repeatedly on their way hon 
by cycle), and afterwards they were as a rule incapable 
an)' more physical work on that day. The symptoms 
subsided beIore the Dext day's work was to begin, 11 
of the men had difficulties in cycling even to their war', 
that the work-men had been away from their work for a fl 
the symptoms for the most part \'allished. but in case of in' 
effort they might recur a week, a fortnight or more after tl1 
tion of the factory work The feeling of oppression over t1 
r«urred among about 90 per cent of the workers ;n the fJ 
distillation department and abQ\lt 10 per cent of the work~ 



in the polymerization department. 
About 25 per cent of the workers in the fractional di! 



department were troubled with palpitation even after a sligh 
tion. This, however, was Jlot a constant symptom, but 
nlanifested itself after these workers had been exposed to th 
of chloroprene for a considerable length of time. 



About 30 per cent of the men in the distillation deF 
beIie\'ed that, owing to the work there. they had unde: 
marked change m disposition. They bad become irritable, 
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and quick~tempered, A; similar "iew was held by those around 



them, As these Olen are included in the above-mentioned group 



who;, be1ie"edthat:didr:gel1er~'i,~ondition had changed for the 
worse. the greater irritability ma): pos!'ihly be a manifestation of 
general fatigue, The workmen themselves, however, did not con~ider 



this to be the real calIse, but attributed the irritahilit~, to the effect 
of gases of some kind, 



Approximately 30 per cent of the men in the distillation ~nd 
polymerization departments, when Dledically examined. showed 
signs of dermatitis. As a rule, the disease was very mild and, did 
not cause much discomfort. For the most part it was located in 
places on the body which had been brought into direct contact with 
fluid chloroprene, such as the hands, as also the legs after the clothe!' 
had become moist with chloroprene. The author in no case observed 
any spread of the eruption from these spots, and as a rule it receded 
rather rapidly if the men protected themseh'es from direct contact 
with the chlo40prene, 



The most striking of the symptoms among the workers in the 
synthetic rubber indllstr), was the loss of hair. This occurred in abollt 
90 pel" unt of tbe ~'orker$ in the mass poJ)'merization department, 
As a rule it began at the earliest about one month after the beginning 
of the ~mployn1ent, btIt pr~ed 'TeT)' Tapidl)" once it had started, 
Rather often it led to complete baldness. Loss of hair on other parts 
of the body has not been obsen'ed, E"en those men who had tried to 
protect themselves from direct contact with the chloroprene by 
wearing headgear had nenrtheless lost their haiT to the 5:)111" 



extent. li the workers in this department were transferred t(· 
another section or were temporarily freed from work ill the factory, 
the 11air began to grow again after about two months, ]f th('y 
tried to resume their {omter \\'Ork, the hair again began to fall oi:". 
There are workers \\'ho haye lost their hair .in this way up' to 
!'cven times, 



The abo\'e-mentioned s~'mptoms developed after continuous 
exposure to cllloropre.ue for a considerable length of time. Acute 
cases o[ poisoning ha\'e also occurred in this industry, one of them 
with a fatal issue (s~ Ch. XI). These cases, ho\\,eyer, should be 
regarded as accidents due to special circumstance..:., in whirh tilt' 
workers had been exposed for a short time to a particularly intense 
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effect of chtoroprene. As a rule the men had the 
of unconsciousness, which, howe\'er, soon pal 
speaking, the reco\'ery of consciousness was m 
.speciaJ dliconrlOTt. and the men .,..~re able to 
immediately. 
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the men had then fallen into ~~tI~~~ .~ 
we\'er, soon passed off. Gene" .. 
cieJUsness was not attended bY~~~7: 
n were able to resume their~o4~~ 
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CHAPTER Ill. 



EARLIER INVESTIGAnONS. 



Hitherto merely three1 works on the toxicology of chloroprenl! 
have been published, only one of v.'hich, b)' v. OETTl:-CiE" et at, deals 
thoroughly with the problem, The other two works, by SCHWARTZ 



(J94S) and RITTER and CARTER (J948), are confined to a report 
on cases of dennatitis and loss of hair among workers employed on 
the production of chloroprene rubber. 



The fili6t-mentioned work is based on animal experiments and is 
an investigation into the toxic effects of chloropn:ne at difierent 
concentrations and with different methods of administration. as 
well as a study of the histological organic changes in animals 
exposed to chloroprene, In the latter part of that work. the authors 
tT)' to gi\'C an explanation of the mechanism of the injurious efiects 
of chloroprene. 



As experimental animals the authors used mice, rats, cats and 
pigeons j they administered the chloroprene cutaneously, subcutane
ously, orally and by inhalation. The in\'estigdtions han made it 
clear that chloroprene is reabsorbed and has a strong toxic effect, 
whichever of these methods of administration is adopted. 



In the cllfalll'OIlS applicotio1l, chloroprene was rubbed into the 
dorsal skin of rats daily far nearl)' two months. These rats 
Tather soon showed a marked decrease in weight. and at the post
mortem moderately pronounced degenerative changes were found 
in the liver. The kidneys showed slight signs of nephrosis and the 
spleen as a rule was hyperemic. It was observed that the hair at 
the ~po1s ,,'ruch had been exposed to direct contact with the chloro
prene was \'ery brittle. 



I Since ,b~ cermination of lhis in\·~ltigatioll. _ work b}" RonAl (r942) on 
the toxicology of chloropr~ne has b~com~ kno~..n to the prel~nt author, (See 
the obs~rntions on that ...·orlo: tOv.'ardl th~ ~lld of this ch~rler.) 
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In discussing the toxicity of chlo:'oprene after subcl/taneo 
injrctioll, the authors point Ollt the difficulty of injecting sm 
amounts, as they do not know any soh'ent for chloroprene that do 
not itself entail marked physiological effects. With this administr 
tion in rats. the authors found that the "nlinimum fatal dos. 
(::\1.F.ny ~'a£ 0.02 Ill! per g bod,Y-...-eight It was found ~ 



with the same amount of chloroprene, the animals died after vel 
different times reckoned frol11 the adniinistration, which the' autho 
attributed to a slow and irregular absorption from the place I 



injection. In subcutaneous injection into pigeons, the authors faun 
a M.F.D. of the same magnitude as for rats, whereas in corresponc 
iog experiments on cats this dose was about a hundred times Ie!! 



Ii
 



All the animals were strongly affected by the chloroprene. Thei
 
respiration rate slowed down and became irregular. Aiter a tim
 
a rather marked dyspnea developed together with cyanosis, an,
 
some of the animals had aspl1y.xial convulsions. from which the;
 
died. The postmortem findings showed, in general, a rather marke<
 
h)'peremia in the organs. with more or Jess extensive hemorrhagil
 
areas. In the liver hemorrhagic llt'Croses were obsen'ed in a numbel
 
of cases, and in less acute cases the liver cells formed homogeneou!
 
hyaline masses. The Iddncys ,,'tre also affected and showed de·
 
generative changes of the tubular epithelium as well as small
 
hemorrhages in the glomeruli.
 



In oral administration on rats, the authors found the M.F.D.

i. to be 0-4 1111. per rat. As in subcutaneous injection. the times that
f'·.. ! ~ l'lapsed between the administration oi rhloroprel1f and the death 



f'	 oi the animals showed great \·ariations. At postmortem, sign~ 01 a 
marked inflanmlation in the stomachal cavity and guts were 
obsened, indicated by a considerable swelling of the mucosa, with 
hemorrhagic areas and ulcerations. The other organs. broadl)' 
speaking. showed similar changts to those reported by the authors 
in connection with the s\lbcutaneoU5 injection. 



In aetennining the )l.F.D. for mice on jllliala/ioll of chloro
prene for I hour, the "alue 3 mg per litre of' air wa5 obtained, 
but on exposure for 8 hours the corresponding figure was 0.6 mg. 
The determination of the M.F.D. for rats showed greatly 'varying 



• MID '"is taken as the amount necesu~' to caul( 'between 70 and J 00 per r(Ont 
of the animals to die acu~ death." (\'. OUT1NGV;). 
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,'alues. The authors',' 'howe\"er, consider it' ascertained that the 



~l.F.D. for,xa.!? lies,be~ween '5 and 21 mg per litre of air. 



In 'the c~~;~~ition' of the blood, Y. OUTII>;GES et a!. found 
merely slight changes alter the animals had been exposed to chloro
prene. Any certain changes in the hemoglobin value or the number 
of erythrocytes could not be discovered, nor did there occur any 
effect on the coagulation of the blood. 



The effect of chloroprene on the blood pressure and respiration 
was, studied by the authors in experiments on rabbits and cats. 
After less irregular variation in LJlood pressure at the beginning 
of the tests, a continuous fall set in. which the authors attributed 
to a dilatation of the vessels in the abdomen. The respiration, rela
tively speaking, was quite slightly affected. A moderate decrease of 
the respiration rate occurred, howe\'er, towards the end of the 
tests, but e,"en when the blood pressure had fallen to low values, 
the respiration was almost normal... 



v. OETTlSGES et al. do not precisely state the quality! of chloro
prene used in their experiments on animals. They do' not seem to 
ha"e taken into account the rather considerable change in pharma
cological effect that occurs on the oxidation or po1~'merization of 
chloroprene (see Ch. V, VII and X). As, in particular, it is "ery 
difficult to avoid oxidation in working ,,"jth chloroprene, it seems 
by no means improbable that the investigations of the lHlid authors 
do not refer to identically the same quality of chloroprene. On this 
assumption, certain differences in the results obtaincd, e. g. in the 
mortality dl1.enninations, would be quite explicable. 



On subcutaneous injection of chloroprene into rats ..... OETTlXGE:
fOllnd 1he M.F.D. to be 0.02 ml pet g of the bod)"-,,-eight, and em 
oral administration 0.4 ml per rat. As in the case of oral administ· 



'ntion	 onl\' 1l1e total dosage per Tat has been Teported without 
inforn:atio~ about the weights of the animals. it is difficult to 
make a comparison; at all c\"ents, howe\"er, the oral dosage seems 
to be remarkably small as compared with the subcutaneous, whence 
it is diificwr to belie\'e tlw the,)' are concerned with pharmacologic
ally equivalent chloroprene. ~Ioreo\"er, as the experiments were 



I B~' lhe &m1l "diflen:nt chloroprenc: qlla1ili~I" in chis .·cn:k, ~~p=r 
ref~n to chloroprcn~ which, o",'ing 10 ol'idation or polymernaaon. ~ad changed 
.ith' us~r 10 W chL'mical. ph.a=ological or I'b)'siological proper~" 
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as a rule made on series with a small number of animals, the 
results seem in several cases to be doubtful. 



SCH W ARTZ reports the occurrence of dermatitis among 
workers in the chloroprene industry, as well as cases of :1" 
hair. The l'nsOlt author, in a pre1iminary communication (i 
has pointed out that fa.lling-off of the bair OCCUrs c:mly -'ben' 
worktr~ cO~le 'into contact with the polymers of chloropren.~::~,'! 
same new IS taken by RITTER and CARTER (1948), who also "§:~:' 



sider themselves to ba"e shown that only certain cyclic pol 1);.$ " .~, 
"dth short chains are responsible for the toss of hair. '~~.1G, " 



ROUBAL (1942), in a work that came to the knowledge ot~· ::. 
present author after the termination of this investigation, .•!•• "'S' 
his TeseaTches on the toxicology and pharmacology of cbloropr~~ 
and describes certain symptoms of disease among the work~' 



emplo~'ed in, the synthetic rubber industry in Czeckoslo\'akia. 'As 
regards experiments on animals, ROt"BAL found, broadly speakiJig, 
the same effects of chloroprene as had previously been noted 'bY 
\'. OETTlXGEX et al. in similar experiments, He also e·xamined the 
effect of polymerized chloroprene on the respiration and heart action 
of rabbits after injection, but in that regard failed to observe 
anything noteworthy. ' i~.:"-; .• 



Jn the medical examination of the workers in the ch1oropr~', 
industry, ROt~BAL several times observed ocular symptoms in-the' 
form of conjunctivitis and, in two cases, injury to the co:Ueal' 
epithelium. Xo symptoms of a similar nature ha"e been noted ~ 
the present author's material. This may be due to the fact that 
the technical procedure in the production of syl1thetic rubber In 
certain respects was different (peTSonal communication from 
ROl'SAL). Thus, ROl"BAL attributes the corneal injuries to the efftttS 
of methylvinylketone (CH3-CO-CH=CH~). a compound tri 
,,"hich the ""OTkers had Tlot been exposed to any appreciable extent 
in the manufacturing process in Sweden. . 



.'\s in Sweden, falling-off of the bair occurred ~lso ~0Dg tbe 
workers in the Czeckoslovak rubber indu~try. It is note· 
worth)' that ROl'SAL had observed a Joss of hair also fram 
the eyebrows as well as a slower growth of the beard, a spnptom 
which the present author has not noticed among the workmen in 
the Swedish rubber industry. This may possibl)' be due to differences 
in the degree and duration of the exposure. To what substa~ces 
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, 



these Czeckoslo\'akian workers had been exposed is not clearly 
indicated in the r~ports. 



Am'1ng the "w?r~ers ,examined by ROt:BAL thoracic pains also 
occurred; he 'see~s to ~uppo~e that they proceeded from the heart. 
11'1 el~etrocaTdiosraphic in\"eStigations, ho\A·cver. no pathological 
change~ in thf' recorded curve!' could be observed. 



In the case of some workers with marked thoracic s)"tl1ptom:o 



and loss of hair, Ro\:BAL found albumin ill the urine. In the 
Swedish rubber industry albuminuria could not be observed among 
the workmen. But, in view of the results of experiments on animals 
(see Ch. IX), it is coneeh'able that renal damage accompani~d by 
the presence of clbwnin in the urine rna)' occur if the exposure to 
the chloroprene is relatively intensive. 
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Studies on the Nature of the Cbloroprene. 



CHAPTIR IV. 



CERTAIN PROBLEMS OWING TO THE CHEMICAL
 
AND PHYSICAL PROPERTIES OF THE
 



CHLOROPRENE.
 



Joxicological tests of chloroprene present certain special prob
lems owing to the chemical and physical properties of that 
suhstance. As pointed out b)' Y. OETTISGEJO; et al., it is difficult 
to ascertain the effect of small amounts of chloroprcne, 011 



account of its slight solubility in pharmacologically inacti"e 
solvents. The present author has been unable to find any exact 
data in the Jit.erature in r~d to the solKbilit)' oj cllloro/WIle ill 



't(·all'r. It is indeed stated to be sparingly soluble, but no figures 
are giYen. In determining its solubility in water by computing the 
index of refraction, the author set out from newl), distilled chloro
prene, stabilized with pyrocatechin. Before the determination, the 
chloroprene was shaken with distilled water for 15-20 hour!'. 
L"nder these conditions, the solubility was found to be about 0.0:; ml 
chloroprene per tOO ml water at zoe C. 



A (juestion with "'hich one is often conirol1ted in experimental 
tests of chloroprene on animals, is the state degree of l'ol)'llIrri:alioll 



of the chloroprene on a certain occasion. In default. of any satis
factory, practicable method for determining the degree of poly
merization, it is often difficult to answer this question, Certain 
iaci1iti~s ior folloy,;ng the course of the pol)-merization are, howe\-er, 
afiorded by ,·iscosity determinations, e"en if there is not always a 
simple relation between the \'i5cosity and the degree of polymeriza
tion. The author found that the viscosity of c!lloroPTene dmnged 
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uniformly during the first few hours after distillation jf the chloro
prene was kept at room temperature (18 0 C) and without being 
shelteredJrom light or air. But after about 6 hours constant jn
creasing values for the \'iscosity ('.Quid as a rule no longer be- obtain
ed. As pointed out in describing the polymers of chloroprene, it js 



almost ~lel) a-pol)'chloroprene that is first formed at ordinary 



Y.	 room temperature. Not until its concentration has reached about 
25 per cent is the }.I-polymer formed. Even if the supposition that 
the viscosity rna)' be proportional to the length of linearly linked 



f'	 molecules has not been left unchallenged (for the literature see 
ELLIS, 1935), the present author ne\'ertheless considers it justifi
able to regard the abo\'e-described uniform change in the \'iscosity 
as an indication of a continuous formation of the a-polymer. On 
the formation of the }.I-polymer the uniform change in the \'iscosity 
is apparently interrupted. which is in conformity with the fact that 
the viscosity is irregularly changing in the presence of molecules 
of ring structures (STAt'DJ~GER and OCHIA1, 1931). 



•	 In tlle \'iscosity determinations, the author used a Hoppler ,-iscosi
meter. In such detenninatiol1s one records the falling-time of an 
t?,centricallj' falling ball in an obliquely placed glass tube containing 
the fluid to be examined. The records were taken at 20



0 C. 
The falling-times in tests with chloroprene immediately after 



distillation and during the next few hours are recorded in the 
subjoined table. Chloroprene (designated 1, ]] and 111), after 
distillation, was kept at room temperature (18 0 Cj with access of 
air and without being sheltered irom light. For purpo:.e of compari



!'	 son, the same table giYes analogous figures for chloroprene (de
signated lA, IIA and lIlA) kept aiter distillation under other 
conditions: higher temperature. (25 0 C) and sheltered from light 
and direct access of air. The detenninations reier to chloroprene 
distilled on 6 difierent occasions. 



These determinations indicate that the falling-times fluctuate 
rather consideTably e\-en aiter a comparatively small change of the 
temperature and if the conditions in regard to light and access of 
air are at the same time n1ooiiied, but that they ,-ary with grut 
regulari~- up to a certain time as Tegards chloroprene kept under 
identical conditions. 



In ,-iew of the glnt aii1nhy of chloroprene for oX~'gen and its 
marked tel1denc~' to pOlymerizatiun, it was considered desirable 
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I • anthor studied the ~,·aporation rate (I) of chloroprene stabilized 
I	 with Jlyrocatechin and (.2) of non-stahilized chloroprene. In the.>e 



deteTillinations the same apparatus as in the inhalation tests was 
entplO)'ed (see Ch, ,- D), The determinations were made at Toonl 



temperature (J8°-19" C) and the velocity of the air flowing 
through was maintained at I.J 5 litres per minute, During the first 
hour after the distillation the amount of evaporated chloroprene was 
computed e"ery loth minute, and afterwards e\'ery hour up to 8 
hOtlrs, It was found that the stabilized chloroprene evaporated at the 
l'ame rate during the whole olJsen-ation time, In test:- with S1abilized 
chloroprene that had been kept for one week. the author noted a 
decrease in the amount evaporated by about 75 mg per hour. This 
'change in the ratc of e\'aporation sllOuld presumably be attributed to 
the oeYelopment of ,i-polymers, t1x: fomlation of which is not pre
vented by pyrocatechin, In llon-stabilized chloroprene the e\'apora· 
tion during the iirst hour after distillation was. broadly speaking, 
directly proportional tQ the time. but afterwards diminished accord
ing .as the Yiscosit.)' increased, Thus, during the 6th hour after 
distillation the amount e'\-apora'ting ,,-as TIle~ly about one-fourth 
of that during the iirst hour. 



These tests show tllat the oxidation of chloroprene does not seem 
to change the rate of evaporation ~l11d that constant concentrations 



T.ble I. The Calling-rimes in lUll witb tbe cbloroprene immedi.tely 
after distillation and during the lint Cew hOUri, The CaWag-timet are 



expretud in millutet and second•• 



Time in, 
hours aim 1 U III lA IlA IlIA 
dIstillation 



° 0' 47' 0' ,,6' 0' ..7' 0' 46' 0' "S' 0' 47' 
I 0' "S' 0' 49' 0'49' 0'56' 0' 59' 0' 56' 
2 0' 5J' 0' .s2· 0' 52' r' 34' J' 3J' J' 32' 
3 l' 02' J' 04' l' 02' J' .sJ' I' 50' I' 47' 



" 1'19' J'J9' I'2J' 2'01' 2' 09' 2'11' 
5 I' 26' J'27' I' 30' 2' 07' 2' 09' 2' J6' 
6 J'Jo' J' 45' I' 58' :1'10' 2'20' 2' 46' 



to ascertain whether a progressiye oxidation or polymerization 
affected the rate oj n.'aporatioll. 



In fact, in animal ~xperil11ents proceeding for se\'eral hours, one 
must reckon with oxidation and also with some polymerization. 
The latter, howe\'er, can be obviated by a suitable stabilizer, The 
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of pyrocatechin-stabilized chloroprene can sti:1 be obtained 8 hours 
alter distillation. With non-stabilized chloroprene. on the other hand, 
this is the case only during the first hour, after which the rate 
of evaporation rapidly diminishes. 



It i!. generatl)· known that &e\'eral saturated af. well as non
!.aturated hydrocarbons .under certoLin ~uiitiom ~rp de('ompo~. 



in which process t"e format;01l of phosgrllr, amongst other products, 
occurs (JACOBS, 1944, and others). This occurs e. g. when a flame 
is burning in air containing fumes of chlorinated hydrocarbons or 
when those compounds are exposed to ultraviolet light. T AXDBERG 



(1939), among others, has shown that the amount of phosgene 
formed in the above-n1entioned ~'ay 1113)' be considerable and 
attain dangerous concentrations. In tests with an open flame, 
T AXDBERG obtained 29 mg of phosgene and in ultraviolet radiation 
220 mg per g trichlorethylene; and in ultraviolet radiation of 
1 g perchlorethylene up to 29i mg of phosgene. Presumably 
such favourable conditions for the formation of phosgene from 



•	 chlorinated hydrocarbons occur very rarely under ordinary con
ditions. But even under less optimal conditions phosgene may 



.be produced from chlorinated hydrocarbons; moreover, carbon
tetrachloride, trichlorethylene and chlorofonn. kept under ordinary 
laborator)' conditions, rather often contain minor amounts of phos
gene. Furthermor~t ~ number of cases of poisoning which must 
indubitably be attributed to the effect of phosgene produced in 
the decomposition of chlorinated hydrocarbons are reported in the 



I 
.. I literature (JOHXSTOXE, 1948, and others) . 



The author has been unable to find any report that the formation 
of phosgene had been observed in the decomposition of chloroprene. 
From a theoretical point of ,;ew, this possibilit), could not be roled 
out, even though the relatively slight tendency to reaction of the 
chlorine contained in chlO1'oprene aTgued against it. In any case, 
it did not seem possible, without further iJwestigation, to answer 
this question. 111 the tests made by the author for this reason, a 
comparison was instituted between carbontetrachloride and chloro
pt'ene undtt similar conditions. Se"eral methods fOT the determina
tion of ph~le ha,oc been pt'opos~. Many of t1'leTll a~ pn.cti<:al 
quick methods, important in "iew of tl1e use of phosgene as a war 
gas. In man)" cases, howe,'er, these methods are not '-cry sensitive 
and therefore not well suited for careful analysis. The author in his 
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careful analysis. The author in his 
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tests has adopted especially the so-called aniline method. It is based 
011 the development of diphenylcarbamide (which is sparingly 
soluble in alinine water) when the phosgene reacts with the aniline: 



By l't"Cyious\y mllT'atrng tht aniline sohrtion with diphenyl
carbamide and afterwards filtering to a clear solution, this reaction 
will be ver)' sensitive. \\'hen the reaction is disturbed by hydro



\ chloric acid as well as by free chlorine, ,it is necessary to free 
the gas mixture from those substances. This was effected b)' the 
expedient that the gas, before absorption in the aniline water, was 
passed through wash-bottles,containing mercury. TJ~ heating of the 
carbontetrachloride and the chloroprene was effected by immersing 
a glowing glass rod repeatedly into a beaker containing the respec
tive substances. \\'ith carbontetrachloride the author obtained a 
greyish-white precipitate. the melting point of which was found to 
be 23io C, which tallies well with that of the diphen)·lcarbamide. 
which is 2360 C. On the other hand, no precipitate was produced 
.....ith chloroprene. whether non-stabilized or stabilized with p)'ro
catechin. After acklition of pyrocatechin to the caTbontetTat'hloride 
in the same amount as t1lat used ill the stabilization of the chloro
prene. a precipitate of diphenylcarbamide was still obtained, \\'llich 
would indicate that this stabilizer in itself does 110t prevent the 
development of phosgene. 



In radiation with ultra,·iolet light, the author used an ultravioltt 
lamp of 120 \V, provided with a reflector permitting a good con
centration of the rays. The source of light was placed ca. i em over 
the surface of the liquid, and the radiation proceeded for se\'eral 
hours. The gases produced. as in the preceding test, were first sucked 
through wash-bottks ~ontaining mercUTy and WeTe afterwards p<! ;"ed 
through aniline water saturated with diphenylcarbamide. In tests 
with carbontetrachloride a precipitate of diphellylcarbamide was 
J)roduced also in this case. though in a smaller amount than on the 
previous occasion. On the other hand, no precipitate was obtained 
with cl11OToprene. 



In some tests the author adopted a met110d for the detection 
01 pho.<;gene that bad been proposed b)' A);CER and "'Axe (1938,. 
It is based 011 the fact that phosgene with phenylll)'drazinc 
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forms diphenylcarbazid, which with cupric salts produces compounds



J 



,; 



with an inteme violet colour: . "
i~~!. ... 



" 



This I'Uction, according to the said authon, il: ver)' sell~itivc and 
responds to amounts. down to 0.5~' pho::.rene. Heating \J,·jth & 



glowing glass rod as well as ultraviolet radiation wen,: tried also with 
this method. \Vi,th carbontetrachloride the characteristic colour 
showed up beautiful])', whereas it was in no case obtained with 
chloroprene. 



These tests have shown that phosgene is, formed by carbon-" 
tetrachloride, but not bJ chloroprcne under the given conditions~ 



TAXIl1lEJlCi and others had pre\'iously found similar experimental 
conditions to be ,'ery {a,'ourable for the fonnation of phosgene 
from carbontetrachloride as well as from se,'eral other chlorinated 
hydrocarbons. As it does not seem possible to show factors which 
could be more favourable for the development of phosgene from 
chloroprene, it may be stated, with the greatest probability, that 



~ . ;I 
we need not reckon with the de\'elopment of phosgene from chloro
prene, either in laboratory tests or in its use for industrial purposeS, 
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lower for the oxidized than for the non-oxidized chloroprene, 
the different "time of sun'i\"al" were better grouped around t 
means in the former than in tht latter kind of chloroprene. 



I n subcutaneous injection into rats \'. OnTl:-; GEX estil1lc 
)l.F.D. to be 0.0.2 1rl1 lJeT g lJuuy-wcight. E"en taken intu aceo 
that \'. OETTfSGEX and the pre5ellt author han nLlt computed 
fatal dosage in the .same manner the difference between 
yalues is considerably marked. The discrepancies may, of COlli 



be due to many different factors. It is generally known that diffen 
strains of the same kind of animal as well as differences in t 



diet may affect the results. The author's toxicity tests ha\'e al 
shown that different results are obtained from oxidized and no 
oxidized chloroprene, which indiC'ates the importance of precise 
stating the kind oi chloroprene to be tested. 



B. Inhalation. 
Jn the inhalation tests, the author caused pressure air to pa5 



through a gasometer and a manometer to a glass flask on th 
bottom of which an evaporation vessel with chloroprene had beel 
placed. From the glass flask, the chloToprene-containing air wa: 
then transferred to the cage where tlle animals were exposed. B) 



& reading the amount of air that had passed and computing the los~ 



of weight in the e\'aporntion ,·essel. the concentration of chloroprene 
in the inspired air was calculated. (See Fig. 4:1 



In these tests, it was fonnd necessary to use only ground-in 
glass stopper~ for the flasks and. as jar a, possible. to replace 
rubber tubes by glass t\,bes, as otherwise losses of chloroprene 
resulted. The authtlr empirically found a suitable size of the e\'apora
tiol1 \'essel and was then able to obtain tlle e\"ap(lration intended by 
regulating the velocity of the pTes~ure air. \\'hen a te~t was 
extended o\,er several hOUTS, the author supplied chloroprene during 
the course of the test. in order to a\'oid appreciable difierences of the 
JeH~1 in the e\'aporation nssel and thus also dt<lnges ;n the nte 
of evaporation. 



h, view oi the practical importance of this "'hole ilwestigatioll, 
it was considered to he of quite special interest to study the effects 
on animals after j"lwlatio/l of SIII<111 amO/lllts of chluroprelle for 
;l considerahle length of time. The ('{mC't'ntratiol1s of c1llQroprene 
in these tests were adjusted so as to be representati\'e of tile 
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chloroprenc c.oncentratioJl::i found in analysis of. the air Wit~i~~~: 
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per h.tre of al~; on the other hand, smaller amo.unts than O,2':htg 
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Fig. 4. - Apparatus lor the inhalation tests. 



these two concentrations were tested for 5 months, with a daily 
exposure of 8 hours. It was found possihle. with the abo\'e indicated 
inhalation technique. to keep these concentrations practically COn
stant, whh merely minute fluctuations of less than ± 0.03 rng per 
litre of ai r. 



In order that the chloroprene, from a toxic point of vie,,', 
should be as uniform as possible, it was necessary daily to use 
freshly distilled and stabilized chloroprene. This was also essential 
in order to keep the e\'aporation rate practically constant. For cach 
concentration, the author used 10 adult male rats, besides which. 
he had 3 control ailimals for each series. During the daily exposure 
the animals did not receive any food or drink: they \Ia'ttC not 
supplied with food and drink until they had been transferrcd, after 
the ~xposurt'. to the cages where they were usually fed. This applied 
also to the controls. At the end of each week thc weight of the 
~llil11al5 w.as controlled, besides detenninations of the hemoglobin 
.as well as counts of the red and white cells. The determinations 
were always made after the termination of the exposme for the 
day. (As for the blood-"alues, see Ch. YIII A.) 



Moreover, the urine was weekly examined, b}" Schlesinget"s test, 
{or the occurrel1~ of urol)i1in. 



Particular interrst attaches to the group exposed to a concentra
tion of 1.;2 mg }X'r litre of air. The5c rats were rather markedly 
affected after the first exposures. They became sluggish and 
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apathetic, consuming but little food and drink during the first 
10--14 days after the start of the experiment. This diminished 
ingestion of food manifested itself also in a considerable decrease 
of weight! particularly marked during the first week. After about 
a fortnight, htm'e\"tt, the animals' appetite impro\'ed. and their 
need (If iood .md drink seemed to be. broadly speaking. the same as 
that of the controls. The continuous 10ss oi weight (set F;g. K 
p. 52) should not therefore be attributed chiefly to lac:k of sufficient 
food, but mainly to a toxic effect of the chloroprene. During the 
course of the test,s rats altogether died, one in the 6th week, two in



b~".. · Jl~ the 9th and two in the 13th week.
~.::Exposure. cogc 



for al"limal, 



c:r===~.\~ 



.e,;frd .for :. .months, with 
d )'ossI1I1<>. wIth the above indicated 
esc concentrations practically 



In \'.iew oI the usualIy very pronounced degenerative changes 



. . that oc<:ur in the liver .after exposure to chlOToprene (see eh. Xl), 



.•:.;C.
::;. 



one might expect to find urobilin in the urine as an indication 
of a functional disturbance of .the Ii\·er. The presence of that 



a daily pigment in the urine was in fact obsen'ed by Y. OETTlXGEX in 
a number of cases. The present author. howe\'er, found, that 



con. urohilin occurred in his material comparati\'ely seldom and 
ations· of Ie"" than ±0.03 mg per "ery irregularly. Only in six Qut of the ten aninlaJ;; in this series 



could urobilin be detected. In one of the animals Schlesinger's 
·le. from a toxic point of "iew reaction happened to be posith'e in the ith week. but otherwise 
I1e, It. was necessary daily to use• urobilin did not occur until the 8th and foIlowing weeks. The 
lloroprene. This was also essential reaction as a rule was relatively feeble, and e\'en in some 
rate practically constant. 1-'or each cases with a rather marked posith'e reaction during one week the 



10 adult malc rats, besides which reaction during the following week might be negative, afterwards 
I series. During the dail:-' exposure again showing the presence of urohilin. It should be mentioned here 
y food or drink: they were not that three outtof the fi\'e animals that died did not show a p~,sith'e 



til they had been transferred, after Schlesinger reaction on any occasion, and that the two others did 
they were usually fed. This applied not show urobilin to any greater extent than had occurred ill four 
I (Ij each week the weight of the OUt of the ii\'e sun·h·ors. This indicates that, en:n after eXJlo!'ure 
ckterlllimltiollS of the hemoglobin to a relati"e]y high chloroprene concentration. the Ij\,er may 



.d white cells. The deternlinations ne\'ertheless continue to function Sllfficiently well to prevent an)' 
mination oj the c:-;po.-;ure for the appreciable disturbance of the urobilin circulation. 
e Ch. \"III A.) In the series wllere 10 rats had been exposed to 0.2 mg chlora
I)' e:-;amined. by Schlesinger's test, prene per litre of air under otllerwise the same conditions as in 



the preceding group, none of them died in the course Qf the "'hole 
the group exposed to a concentra experimental period. These rats, moreo\'er. were much less 
These: rat5 \\"('re rather markedlJ affected than those in the other series. Only during the fir~t 



·rcs. The~' became sluggish and few days could some apatl1J in the rats be llClti~, as v,-<:\1 as &0111(' 
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loss of appe-tile. It was not, however, so marked that any 'losS 'id~: 
weight could be recorded. Xor did the rats lose weight during"ule.: 
further expOStlre. and their consumption of food was quite equal to> 
that of thf' COlllrol .animals, In examining the urine for urobilin,~' 



author dId not tllld a positiYe Schlesinger reaction in any ~e.' 



,. OEl'Tl~t;F.~ M at expused 10 rats and 20 mice for three monihS~ 



to the same concentration as the author had used in the last, 
<Iescribed series. They do not. howeYer, record the length'l'o( 
the daily exposure time, nor do they state whether newly distrueCi 
chloroprene had been used. The Yariations in the concentrations 
from 0.1 to 0.3 mg chloroprene per litre of air are indicative of 
yarying eYaporation rates, which 'may haye been due to chemical 
challges in tIle chloroprene. One of the ten rats died in the Sth 
week and another one in the ;th. Among the mice the mor'ulit). 
was considerably larger, totalling 9 deaths in the course of 3 
months. 



The eHect of chloroprene in inhalation of tllr highrr rOl/er.ntrations
4 



has been considered. in "iew of the practical purpose of the 
investigation. to be of minor intere:"t. In three expcrimental series 
the author, howeYer, has studied the mortality in rats that had 
been exposed for 8 hours to chloroprene concentrations of 3.5. 
10 and I i.5 mg per litre of air. Each series con:"isted of 10 animals. 
In these tests freshly distilled, pyrocatechin-stabilized chloroprene 
was used, and the same exposure technique as in the ahoye described, 
long-time experiments was adoptcd. The animals were followed up 
to 48 huurs after the beginning of the exposure. 



It appe:in'c! from these t~sb that a concentration of I i.5 mg 
oj chloroprel1e )leI' litre of air j.;jJ]ed all the animal,,; within 48 hours. 
.~s. howeyer. 60 per cent of the animals ditd at a concentration 
of 10 mg oj chloroprellt' pCI' litTe of air. it ";f'('m~ probable that 
eyen a lower concentration th..n 17.:; mg \\'(I\lld h:1'·c caused a 
hundred per ccntl11ortality. \"ith the same metll(lc! oj administration 
a \1(1 the same exposure time. Y. OETT1~GF.~ cun~idtrs that the 
minimal fatal close OIFD I for rats lies between 15 and 21 mg 
chloropTene per litre of air.•A.s these figures are hased on \'eT)' small 
series with ,~ry U11f'qual re:;.ults. the "security" dfJe~ not s~m to be 
particularly conYincillg, As v. OETTI~r.F.~ Il<l~ Ilnt ..tated the precise 
chloroprene (Inality tt!'terl. n clirect cumJlari~(,n with the present 
author's own morlOl.lity figures can scarcely he made. 
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CHAPTER VI. 



THE EFFECT OF THE CHLOROPRENE ON THE
 
CIRCULATION AND RESPIRATION,
 



In a series of o.-periments on rabbits a.nd cats, \', OETTIXGES et 
studied the effects of chloroprene on the circulation and Tespi 
tion during inhalation. The chloroprene \\'as supplied to t 



animals through a tracheal cannula, and the blood pressure w 
estimated at the carotic artery. The blood pressure and respi 
tion were rttorded in the usual way by a cymograph. The sa 
authors found a similar course in all theiT ~xperiments, ~1in 



irregularities in pressure and respiration were noted immediate 
after the administration of chloroprene, but then a continuous f 
of the arterial pressure set in as well as a somewhat slow 
respiration. The latter, howe"er, was still almost intact e\'en towar 
the termination of the tests, when the arterial pressure had reach 
its minimum. In order to ascertain the cause of the obsen'e 
fall of blood pressure, the authors studied the effect of chloropren 
on isolated frog's heart according to STRAl'B. In these tests. th 
heart was exposed "to vapors oi chlowprene and e\"Cn to liCJllil 
chloroprene by dropping it on the organ." Xo eHect on tl1< 
contractility of the heart was, howeYt'r, noted. 



The possibility that chloToprene might ha\'e a central point 0 



attack and affect the blood pressure via medullary centres \\'a 
studied in experiments 011 cats. Y. OETTI:'\GE~ et al. caused alllmoni: 
to be insufflated into the animals' nostrils. in order reflexiYt'ly tl 
stimulate cent!'es in the medulla. Chluroprene did 110t seem to reducl 
tlle eHect of such actil'aticm, ~nd the authors accordingly illferre< 
that the suhstance had 110 depressant eHect fill medllllary centre~ 



_-'nother question r.lised hoY the s..1.id authors was whether thl 
fall oi the blood pressure might be due tu a direct eliect of chloro 











prene 011 the peripheral vessels. This matter was investigated, 
"by perfusing the hind legs of frogs" in accordance with the 
method of TRF;xoELEXBCRG. It was found that, even with very dilute 
solutions of chloroprene in water, a distinct vasoconstrictory effect 
was obtained. 



The- r"..periments made tiUls <lid not ~n'(; to ~xplain 11l\: fan of 
the blood pressure. The (Ibsen'ed eHect on the peripheral vessels 
was. of course, particularly noteworthy and apparently contra-' 
dictory. Howe\'er, in "iew of the hyperemia observed in the 
ahdominal organs in other experiments with chloroprene, they 
considered it prohable that the fall of the blood pressure was attribut
ahle to a dilatation of the ,'essels in the splanchnic region. 



The question as to the mechanism in the lowering effect of
chloroprene on the blood pressure seemed. however, to the pre~ent 



author scarcely to ha"e been satisfactorily settled with this suppost·
•



ition. It seemed therefore desirable to endea"our to throw light 
i on this problem by further investigations. The author made ex
• 



~riments on rabbits 2nd cats. in "h'o, as well as on isolated rabbit 
and frog hearts in accordance with the technique of LASGESDORF 
and STaAl'n. (See GADVDI, ]948.) The first-mentioned experiments 
werr made on some thirty animals. most of which .consisted of 
rabbits. The animals were operated under urethane narcosis. As 
a rule, it was found sufficient to inject about 3 1111 per kg of the body
weight of a 25 per cent aCJueous solution of urethane. ]n these 
experiments, the author tested the effect of freshly distilled. pyro
catechin-stabilized chloroprene as well as of chl"roprene which. after 
distillation and with and without stabilizer had been kept for a 
longer or shorter space of time. The chloroprene was supplied to 
the animals hy inhalation through a tracheal cannula. The chIoro
prene was not exactly dosed, but the experimental conditions were 
anangt:d so that, on comparison between difierent cjualities (Ii 
chloroprene, practically the same amounts were supplied. The blood 
pressure was estimated firstl~' at the carotic artery and secondly 
at the right auricle through a cannula introduced from the jugular 
\'Cin. The respiration was rewrded irom the tracheal cannula by 
Illeans of a )Iare}"s capsule. ]n all these tests. the author took 
e1ectrocardiogralll~ before the rxposure to chloroprene and on 
repeated occasions while the e..'\;posure \\'as proceeding. 



As Tegards the respiration, the author, in certain respects. wa~ 
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inject about 3 ml per kg of the body-
nus solution of urethane. In these 
the e{j('(t of freshly distilled, pyro
~ "'ell <IS of ,hloroprene which. after 
,1m stabilizer had been kept for a 
:. The chloroprflle was supplied to 
Igh a tracheal cannula. The ,hloro
lit the experimclllal conditions were 
,son hetween ~iffcrent fj'1a1ities of 
e amounts ",ere supplied. The blood 
at the carotic arter~' and secondly 



'annula intro<lnced frum the jugular 
.rded from the tr.aclleaJ cannula b)' , 
rn a.1I the5e tests, the author took ., 
exposure to ,hloroprcne and on 



I'0sure was proceeuing, 
,he author, in certain respects, was 



ahle to "erify the observations of v. OETTI:'\GE~. In me 
in immediate connection with the administration of chl< 
a brief apnea or <l certain irregularity in the respiratiOJ 
It was evident that these changcs were most marked ,~ 



animals "'ere rxposed to chloroprene which had been , 
and le5:: pt"oIlOlIl1C't'd Yo'hen freshl.,· distiJlen chloroprene w 



The respiratory condition lIlay be regarded as \I ref1e~ 



often occurring on inhalation of irritant \'aponrs. The more 
ful effect of the oxydized dlloroprene in this respect is pre 
due to the fomlation of acid oxidation products, and to the 
mer, the development of which cannot be completely pI 
despite the pyrocatedlin stabilization, and "'hich has a j 



turpcntine-Jike smell. In some t~sts the author ohsen'cd a 
rate of respiration; this, howe\'er, was not a constant cHecl 



Fig. S. - Tracing of b100d pressure and respiration in cat at mb 
tests ot chloroprene. 



"J, Blood 'tftSSUTe at the caroti<: 41rtcry 
2. Blood pressurt at the right auricle 
3, Respiration. 
-} 'CblcmYpl'ene K .dminhit~red 



t Chloroprene is suspended 











absent in many cases. In all the tests. the respiration still continued 
for a short time after the heart's action had ceased. 



Tht \'ari,!-tions in the blood pressure showed a similar course 
in all the tests. After minor, transient irreg\llarities in connection 
with the abtWf-desmoc-d Tt"!'pirat~' cisturhanrt"s 1\;ht"n chloroprtnt 
wa~ first supplittJ. the arterial prt'~sure fell cOlltil1uou:.!y. whilst the 
pressure in the right auride rose. According to the amount supplied. 
these changes occurred with different rapidity and with different 
intensity. Finally, on the continued administration of chloroprene 
arrest of the hart set in, the heart stopping at diastole. :\0 differ
ences in the variation of blood pressure with different kinds of 
chloroprcne could be obsen-ed. As regards the ~lectrocanJiograms, 



no pathological changes could in any case be observed on the tun·e~. 



Especially in "iew of the rise of pressure in the right auricle, 
,'  there were indications that the changes in the blood pre:-mre were 



attributable to a cardiac insufficiency. It accordingly seemed desir
able to study the efierts of chloroprene on the isolated heart. This, 



•	 as above indicated, was done by the author (1) on rabbit's heart 
and (2) on frog's heart. In the first-mentioned experil1l(·nt~ the 
animals were operated under urethane narcosis. \ "hen the heart 
had been cll.refully ¥;ashed free from blood in luke-warm Ringer's 



~. solution, arrangements were made iar tests according to the tech
I' 



; 
i	 nique of LAl"CE"DORF. The muscle comraetions fTom the yt"llt';CUlaT 



part of the heart were recorded by a cymograph. The experimental 
conditions were arranged so that the heart could he snpplled either 
with pure Tyrode's ~(Jlutiont or chloroprene dissolH:d therein. The 
solutions were kept at a temperature of 38° C 2nd weTt: continuou:.ly 
bubbled through with oxygen. In order to obtain exact chloroprene 



r	 concentrations. freshly distilled. pyrocatechin-stahilized chlQroprene 
1	 was 'first dissolved in aqua destillata by shaking jor 15-20 hours 



at 20' C. The authur ha~ shown (see Ch, 1\"1 that in this process 
about 0.05 ml of chloroprene is dissolved in 1001111 oj water. On the 
basis of this solution. the required concentrations oj chloroprC'ne in 
the T)'rode's solution could be obtained. The author tested se"eral 
concentrations with chloroprene amounting as a ma."imum to 0.5 



m1 and as a minimum to 0.001 1111. per 1,000 mI Ty-ro<!c's solution. 



1 Th~ Tyrodc'l IOlulioll ....·as of the following mixture;- 0.8 ~o N~CJ. O.O~ ~o, 



KO. 0.0' ~o CaCI•. 0.0' ~o MSCI.· oH,O, 11.' ~o NaHCO., O.,,"~ ~o f',;.aH ..PO.. ,. 
• H20 and 0.1 ~o glucose. 
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Tlw effect 011 the contractions of the heart Illuscles was very I 



at the higher chloroprene concentrations, and the amplitUde 
responses was reduced to about one-tenth of that when T~ 



soluti<;m solely was used. According as weaker solutions 
~mpl~'ed, tht- dkrt "'"115 ~uced. but ~\'ell .at concentrati, 
0.002-0.00,3 ; J ,000 it was still measurable. Xo change I 



cardiac rhythm, on the other hand, could be ol)sen'ed either a 



c. 
-de contractions from the vrlltricular
 



b)' a cymograph. The experimental
 
It the heart CQuld be supplied either Fig. 6. - Test with chloroprene on isolated rabbit's heart, Contract
 
: chloroprene di"sol\'ed therein, The i of left ,·cntricle.
 



.ture of 380 C and wert: continuousl)' I I. Only "I}'rodc's solution.
 



In order to ohtain exact chloroprene 3. 0.01 ml chloroprene per 1,000 ml. Tyrocl(.'s solution
 



, pyrol'atechin-stalJilized chloroprene Itillata by shaking for J 5-20 hours 
I or low concentrations. In connection with these tests, the aut 



:11 (see eh. lY J that in thi~ process I 
compared the coronary circulation in the cast of c1110ropr 



di~soh'ed in 100 1111 of water. On the ,i
solutions and Tyrode's solution solely by computing the amount 



Tt:d tOl1cenuatiOTl$ (If chloToprene in 
solution that passed through the heart dtning ~ual unit$ of til



obtained. The author tested seyeral 
but no effect on ll1e coronary circulation could be found. 



e amounting as a maximum to 0.5 
In tests \\'ith chloropJ'C1e on {rogs' heaT1s al.'cordiog to STaAl



Ill!. per J ,000 ml Tyrode's solution. 
tecl1l1ique, the author pr-ol.'eeded. as in the preceding tests, ir 



. lollowinj! mixtuTe:- 0.1 ~;, NaC], O.D~ % a saturated aqueous solution of freshly distilled p)'Tocated 
(,HaO, 0.1 ~o l"~HCOa' 0.005 ~o N~H,PO.' stabilized c1110roprene. The latter was dropped direct irno 



( , 
( 











~ .. ,~,. ,....~ "'",,' , '. . 
'.IJ.•: .'.. 



cannula (rather wide at the top), filled with Ringer's l solution, that 
had been introduced into the aorta. The cannula had a capacit)· of 



, .. ,3.8 011 and, by reckoning the number of drops of chloroprene solution 
:. "supplied, an apprbximate estimate of the chloroprene concentration 



could be obt:1ine-d The- bean contr.ictlom, Wt'J'f TC"'OTdt'<'l eS!'lf'ntlany 
it': tl~ sam(' W:1:' as ir. th(' LA!\Gt:~:DORJ" test. The frog's heart .....as 
found to react similarly as the rabbit's heart. At higher con
centrations it responded "ery quickly with a considerably 
reduced amplitude of the excursions. In tests with weaker con
centrations the effect was less marked, but could be distincd)' 
recorded even at a concelltration (approximate) of 0.01 ml chloro



:. pt'enc peT 1,000 ml Ringer's solution. Xo dfect on the cardiac ,f rl1y11u11 was .notic'enble. 



I The Ringer', 'olution for froS', hearth ""as .r the following mixture:
O.OJ ').. NaHCO•. O.OJ ')0 CaC]•• 0,00" ')0 KCI, 0.6 ').. t-;aCI. 
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CHAPTER VJI. 



THE EFFECT OF THE CHLOROPRENE ON
 
THE LUNGS,
 



1n connection '\t"ith the ~ti\llation of DL~ on subcut 
injection of chloroprene into rats (see Ch. V A). the autl1 
ternl1ned tl1e weights of the lungs in eY~r,· other animal in both 
i. e. those series who had received (1) non-oxidized and (2) 0> 
chloroprene. Thus the two series comprised iO animals, consisl 
gt'OtlpS of ten for each concentration. Those that sUTyh'ed i 
(168 hours) after the respecti,'e injections were t11en killed 
blow on the nape. III this way, a relatively large llumber " 
from the groups injected with small amonnts of chlOToprene 
killed after 7 da)'s, whereas almost all the rats t11at had Tee 
larger amounts died spoutaneously \\'ithin this rime. Dissectior 
reJl10\'al of the lungs was carried out uniformly for all the alli 
The weight of the lungs in percentage of the body-weight 
computed. This computation was based on the body-weight a1 
llCginning of the 1ests, it ha"ing been found that, after the inject 
these weights were considerably afiected by individual \'aria1 
in the cOllsumption of food. \Vhen the means of the percentage 
each group had been computed for the two series, these percellt 
were recorded in the diagram in next page. 



The most striking fact in this comparison is the rna 
difference in effect between oxidized and non-oxidized chlorop 
at the higher dosages. The lung weights in fact then sho 
considerable increase after administration of oxidized cll]oropl 
which increase had no ttm'eSpOndenoe in tests \\ith non.oxic 
chloroprt:ne. Another noteworthy fact is the ,miiorm \-ariatio: 
the weights of the hmgs in the t\l,'O series after administratio 
small amounts of chloroprene, up to 0.0005 1111 per g body-weigl 











.!;'''	 ..,:~ 



.	 . '7~~' 
seems rather difiicult to find any convincing explanation of ~tjf; 
actual variations whilst the correspondence betWE-en these sel~.:i 
Il1l1st. be viewed. in the light of the fact that the thus recorded lu" 
w~ights .in both serie~, as to about 80. per. cent for each, refer:~. ' 
annllals that had ~lln'l\'ed the oh~"'3tJon tmtt' and had a~a'ank'~: 



1~:1 killed. The toxic effect of the aIllOU11ts inj('rtrc1 had thus heCu' . 
relath'el~' slight; it was only at higher dosages, from 0.001 1111 per~Ir. 
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Fi~. 7. - The weight o! lungs after injection of chloroprent' into nts. 



_ non·oxidizt'd chloroprcn(' 
••••••• ~idized chloroprene
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body·weight and upwards. that the toxic dicct became more marked, Ias indicated by the fact that merely J2 and 5 per cent. respectinl)', 
of the animals from the groups injected with non-oxidized and ,



t 



oxidized chloroprene, respectively, surYh·ed. :\loreover, it was only ! 



at the higher dosages that the different effect on the weights of the f 
lungs '1\115 manifested. It '1\'aS also ~"idellt e,·tn from the gross 



!
l 



...	 appearance of the lungs 01 animals that had recei\'ed at most 0.0005 



ml c:hloroprene per g body-weight. that the lungs as a rule showed 
no, or ,"cry slight, de\·jation {rom the normal, whether injected with 
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the (act that the thus recorded Jung~~t 
LOllt 80 per cellt (or each, re(er t8~ 
,h",er\-ation time and had aftery,'a"h:,;-i: 
th" amounts injected had thus ~.~~. 



higher dosages, from o.oor ml pe~ g.; 



,",,,,
,,' 



,,," , 
,,"



,I

,,l
 



I 
I 



~ 
Dcsase In 



mi· sram body weight 
-...---,.--.......--__• - Log 'tale 
0.00: O,Oel 0.00' °,DOE 



'her injection of chloToprene into Tats. 
xidized chluropTC'l1C' 
'ell chloroprcnC' 
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trely J 2 and 5 per cellt, respecti\,eh', 
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gIll. that the IUllgs as a role showed 
, '111 the norma!. whether injected with 



, 



oxidized or non-oxidized chloroprene. ~or did the microscopi 
examination of these lungs show any noteworthy pathologic< 
(indings. This was, broadly speaking. the case also at the highe 
dosages of non-oxidized chloroprene. In certain cases, howe\'el 
slight hyperemia and a small amount of blood in some o( the bronch 
y..as obsen'ed. 



The postmortem fin<1ings in the lung:. 0; tOC animal.. injecte( 
with oxidized chloroprene in dosages from 0.0005 ml and upward 
were quite different. The lungs of these animals were larger, witl 
some pale-red parts, whilst other parts were darker in colour. 01 
dissection, edematous fluid issued from some of the lungs, whils 
other showed signs of marked hyperemia. The microscopic examina 
tion likewise soo""ed hyperemia, with occasional hemorrhages ~nd 



in many cases, a marked tdema. 111 most of the cases cmphysem: 
was observed here and there. "'ithin minor parts of certain lung: 
the alveoli were distended and thin-walled. 



In a minor material consisting of J 5 rats, inclusive of 5 controls 
the author studied the efiect on the lungs after inhalation O' 



chloroprene. The anim:tls wue exposed for 5 hours in air mingle( 
with stabilized. oxidized chloroprene. The concentration in these 
tests was about Ii mg chloroprene per litre of air. Rather soor 
after the beginning of the exposure, 1he rats sllowed an acceleratec 
nspiration rate and towards the end of the experiment a rathet 
marked dyspnea. At the end of the exposure period Jlll the rats 
were killed with a blow on the nape, whereupon the lungs were 
weighed. their weights being computed in percentage of the body
weight. The mean of these percentages for the S control~ wa~ 



0.88 ± o.os. and the corresponding value for the 10 experimental 
animals J.64 ± 0.06. Thus, a rather considerable increa~e in the 
weight of the lungs, larger than after the suucutaneous injection 
of chloroprene, had occurred. On macroscopic inspection, these 
lungs also appeared to be more edematous, in some cases with a 
rather copious foamy fluid on inC'ision of the lung tissue. :\ fluid 
of similar appearance was found also 1n the bronchi. The bronchial 
mucous membranes as a rule were rather markedly reddeneu. The 
microscopic ~samil1lttion in ~I cases shO\'\"~ a pronounced edemn 
as we)) as stasis. 



The macroscopic as well as the microscopic examination showed 
that the increase in the weigl1ts oi the hmgs ;'1 both experiment
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were attributable partl~; to stasis with hyperemia in the pulmonary 
·\:essels, partly to edema. with an efflux of fluid into the alveoli. 
In the inhalation tests the lungs appeared to be mon: edematous 
than after subcutaneous injection of chloroprene, where the hyper
emia uf stltsi~ "-a~ mOTe marked. \\'hether the edema wa~ tl"o he 
tl:gardtd as due solely to stasis or parlly ..also as caused by a direct 
local effect of chloroprene on the lungs could not be ascertailltd 
with certainty by these tests. It may be presumed, however, that 
this latter factor had a bearing on the occurrence of edema after 
inhalation, wheTe the edema was strikingl)" marked in comparison 
with the stasis. In connection with the hematocrit tests (see eh. YIII 
B), ...·here indeed the experimental conditions were different, the 
author has also sho"..n that the loss of plasma in itself presumably 
suffices to account for such an increase in the weight of the lungs 
as had occurred in these tests. 



! 
~.
 



., 
~. 



I.. 
,



t 
~ 



I 











.~~"'" ..
t9· 



, with hypmmia in th, PUlmonarf"" 
an efflux of fluid into the alveoli{t- . 
gs appeared to be morl: edematou~."f" . 
,n of chloroprene, where the hyper~lj t 
cd. \\'hether the edt:ma wa~ to bit f 
01 partly alsr. as caused by • dirttt,. f 
the lungs could not be ascertained, 



- ,~



It may be presumed, however, thati 
~ on the occmrence of edema afte(} 
as strikingly marked in tompariso~':
.th the hematocrit tests (see Ch, VllI!; 
.ental conditions "'eTC different, tfte"Z 



loss of plasma in itself presumab1y~; 



increase in the weight of the lungs ~': 



t 
M 



f.; 
i' 



, 
.~. . 
t 



CHAPTER VIII. 



THE EFFECT OF THE CHLOROPRENE ON 
THE BLOOD. 



A. Changes in the hemoglobin -v.alne and in UJe snIInber 
of t:t)'tMoeytcs and Ieucocytes. 



As mentioned above in connection with the chronic inhalation 
tests (see Ch. \' B) on 13 rats, incl. 3 controls, the author estimated 



• the hemoglobin "alues and the number of red and white cells e\'ery 
week during the coures of five months. 



The blood samples ,,:ere taken from the tail, and the hellloglollili 
detemlination was made with a standardized Autenrieth':i colori
meter. 



The hemoglobin \'alues as well a:i the red cell count:' during the 
firlit stage of the experiment showed a distinct rise in the e.....posed 
animals. It seems difficult to account {or this rise otherwise than 
as a "drying" effect. As the rats during the first and second week 
consumed "ery small amounts of food and drink. s\lch a mechanism 
j,; quite conceivable. A contributory iactQr may also han been 
a certain loss of fluids in the blood-stream owing to the develup
ment of pulmonar)" edema. The animals that died during the course 
of the test in fact. showed signs of such a pulmonary condition, 
EI~ewhere in this paper (see eh, \'11), the author has shown that 
oxidized chloroprene in particular, even in small concentrations. 
causes p\llmonary edema, and that the hematocrit \"alucs rist aiter 
exposure to chloroprene (see 01. Ylll BI. The increase: in the 
hemoglobin and red cells ntheT soon llassed o\'er, and \\'as then 
followed b)' ~ decT'e~, ¥.,11ich continued <luring the ,\'hole exposure 
period. ntis decrease afiected the hemoglobin to the &lme eXlmt 
ns the number of red cells, and there were Ilu marked change~ in tIll' 
colotlr-indt:x. 
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Fig. 8. - Hemoglobin '\'&!ue .nd Dumber of errthrocrtt's and body·weight
 
of Tats.
 



ExpoiiSlre: I •• ~, chloroprene per litre of air for 8 bours dailr in 20 ",·eeks.
 
_ exposed aDimals
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Thorough investigations into the changes in the composition 
of the blood, including tests in rats exposed to chloroprene. 
have been made by Y. OUTJ:\,GEX, As regards the hemoglobin 
and ef}1hroc}'te \'alues, however, they were studied mainly in 
short tests, and no certain changes in those values could then 
be established. '''e find in the literature comparatively few detailed 
obsen'atiol1s into blood changes in animals caused by other aliphatic 
chlorinated hydrocarbons closely related to chloroprene, Lt:H~I.":\':\' 



" and SCHYID7-Kt:HL (1936), for example, followed the hemoglobin " 
. and erJthrocyte \'a]ues in rabbits and cats in lengthy tests with 



dicbloromethane, tetTachlorn"lrtha~, tnnsdichloreth:ylene and tri
chlorethylene, Thtse tests ~;elded nther \'arying results, with both 
rising and falling '\'alues, during the time in which the exposure 
proceeded. Trichlorethylene produced a disrinct decrca~ ~f the 
hemoglobin values in rabbits, whilst the number of red cells showed 
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Fig. 9. - Xumbet of leucocytes of rats.
 
Exposure: 1.2 tng. cbloroprene per litre of air for 8 bours daily in 20 " ..eeks.
 



__ exposed animals
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a slight rise. These tests -and T'eports from other authors ha"e not 
given any com-incing evidence regarding changes in the hemoglobin 
and erythrocyte \'alues on exposure to the abo\'e-mentiolled sub
stances. Most of these tests were made on a rather small number of 
animals, and the latter were followed merely for a rather short space 
of time. 



The interpretation of changes in the leucocyte number in animals 
often presents great dlfficult~s. E"en n0n11allr. the leucocyte \'alues 
are subject to yery marked \·ariatiolls. According to GRIFFITH 



and FARJUS (1942). the mean number is about 9.000 in adult rats, 
with normal limits betw~ 6,000 and 18,000. In obseryations that 
have to be carried on for a considerable length of time. it is usually 
impossib1e to avoid the animals being attacked by intercurrent in
fections, which affect the number of leucocytes. This is particularly 
the case in toxicological tests where the general condition of the 
animals is impaired. It is moreO\'er known that otht.'r factors also, 
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SUdl as emotional excitement or a struggle, even (or a short time, 
, may gi"e rise· to changes in the white-cell picture. 



.	 , The present' author followed the leucocyte number by regular 
taking of blood samples in the way described above with regard to 
hemoglomn and ~)'throcyte5. The "alues "aried considcrably from 
time to time, but the animals exposed to chloroprene sho"'cd it rathe:
Jllarked continuous rise, which occurred to a much smaller extent 
in the controls. The differential blood-count was only carried out 
at some occasions and. though a relative lymphocytosis was obsen' 
allle. the author's material in this respect was too small to be 
significant. A leucocytosis was found by ". OETTJXGE~ after a 
single injection imo Tats; but in that mattrial too. marked '-aria
tions occurred during the obsen'ation time. In the above-mentioned 
in"estigatioll by LEJJMAXX tIle leucocytes showed an increase in 
number in most of the animals that sun'ived the whole experimental 
period. ,.. 



• Also in the series of rats that was exposed to 0.2 mg per litre of 
air blood e.uminations wert made to the same extent as in the 
preceding series, Xo certain tendenc)' to a change in the blood 
"alues could be observed. In a few of the rats minor falls of the 
hemoglobin and eT)'1hTot)"te ,-alues "-ne Tecorded after some 
weeks, but they were quite temporary and, with 'one or two 
exceptions, were ne\'er found Cluring two succeedings weeks. The 
leucocyte number was also remarkably constant in this series, 
and no certain de"iation from the numher in the control animals 
could be observed, 



.. 
F 
i	 ' B. Changes in the plasma CODunt~ 



1n connection with toxicological investigations after sulJcutaneUU:!i 
injection of chloroprene into Tats. the author has shown that the 



,. weight of the lungs increased with rising do~ages 01 oxidized 
chloroprene. This increase "'as maniiested by ad,"ancing pulmonary 



~ , 



edema according as the chloroprene dosage 'was raised. It seemed 
to be of interest to investigate whether the acculllulation of fluid 
in the lungs could be recorded as changes in the hematocrit values. 
In order to study these conditions. the author determined the 
total erythrocyte "owme irr rats (J ) before and ( :1) after the 
expostlTe to chloroprene. 
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the plasma content. 



cal investigations after subcutaneous 
'ats. the author has shown that the 
'1 with rising dosages of oxidized 
manifested by advancing pulmonaT)' 



-prene dosage 'was raised. It seemed 
. whether the accumulation of fluid • 
as changes in the hematocrit \'aJues. 
-jitioltS, the author detemlined the 
"a's (I) befOTe and (2) after the 



The tests were made on 10 white rats weighing between 240 anI 
310 g. The blood samples were obtained by cuts in the tail. Th 
author used a hematocrit pipette devised by VAN ALLEN (1925) 
which was found to be ver)" seniceable for hematocrit determination 
in mlimals. Contrary to V All: ALLEK the author used heparin as al 
anticoagulant, ¥.·;th ¥,'hich ~be pipettes were moistened and the I 



allowed to dry. In the double determinations at first made, tW( 
pipettes being simultaneously filled, the differences in the values thu: 
obtained were so slight that a single determination was considere( 
quite sufficient. On the other hand, it was found necessary alwaJl 
to provide for a satisfactoTJ spontaneous outflow of blood in ordel 
to obtain reliable '·a.lues. The pipettes were centrifuged for 2C 



minutes at a speed of about 2,000 r.p.m. Further antrifuging did 
not change the corpuscle volume. 



The animals were exposed to chloroprene which, after distiIJation, 
had been stabilized with pyrocatechin. By bubbling pressureair througll 
this chloroprene, the author ensured that it was strongly oxidized 
before being supplied to the animals in the exposure cage. Determ
inations of the chloroprene concentration in the inspired air were 
not made in these tests, as their object was only to ascertain 
whether chloroprene affected the hematocrit "'ahle, but not to follow 
the variations of the latter at different concentr:itions of chloroprene. 



Table III. Tbe bematcnit vduet and pJalna content of the blood 
in ten rau .fler ell:posure to chloroprene. 



Plasma content
Hematocrit value in per cent Difference in 



per cent of the 
Before After Before After initial value 



exposure exposure exposure exposure 



4; J3· 046 ~3 !l" 
J!·951 4945 55 
8.9 



1~ .., 
,51,5649H 



5J 5; 49 
43 
43 



J4· 0 



... 0 
51 5; 49 



J,5.o 
,,6 



bo 5149 
5. 6 



43 
~J49 54 



14.0 



49 
51 ...9Si 



... S52 5J 5·9 
43 5J J4· 0..9 57 



n,1I 49·3 H.6I ± 0." ± 0.42 
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By 'rnaintaining the same conditions for evaporation in all the 
tests, the chloroprene concentration was kept at about the same level. 
After first taking a normal value, the animals were exposed for 
20 minutes, whereupon the hematocrit value was again determined. 



The nlues found are recorded in table III. The figures show th': 
rading~ on thl;' hematocrit pipette, Thf' content of pla~ll1a and tht' 
loss of plasma in percentage in also estimated. 



It may be seen from this table that the fall in the plasma content 
of the blood averaged I 1.6 per cent. Taken into account that the 
total blood volume in rats amounts to ca. 6.3 per cent of the body
weight (SCARBOROl'GH. J931) and that the amount of plasma in the 
exposed rats in the author's material 2\'Uages 55.8 per cent of the 
blood volume, it will be found that the blood, owing to the eXIJosure, 
loses ca. I g of plasma. In estimating the increase in the weight of 
the lungs after subcutaneous injection, the author found that at 
the maximum dosage it had increased by ca. 1.25 g. which thus 
well harmonizes with the estimated loss of plasma, I n fact. the•difference of ca. 0.25 g in all probability lies within the margin 
of error for these calculations, though it might in any case be 
expected that the Joss of plasma should be somewhat le~s than the 
increase in the weight of the lungs, seeing that there ;s normally 
some resorption of fluid from the tissues into the blood. 



C, Changes in the oxygen content and the ox)'gen 
capacity. 



Defectin: oxygenation of the arterial blood may be due to several 
diiierent tactors, which are to be found either on the "lung side" 
or on the "blood side," The author has shown that pulmonary 
disease occurred in rats after injection or inhalation of chloroprene 
(Stt eh. "II), owing to the development of pulmonary t'denla, 
Even if this edema wa~ of relatively modt'rate degree, it seemed 
to be of interest to find out whether it caused any disturbance in 
the ox'ygenation of the blood. Analogous conditions are known 
e. g. from L.'Q'l·El~R'S and ~lACi"l'S' (1921) investigations into the 
pathology of phosgtne poisoning. ;n which, ho.....ever, a much more 
marked pulmonary edema usually occurred. In view of the prob
abilit)" that when stabilized dlJoroprene is kept ior a considerable 
length of time, peroxides are fonned (KL1T, unpuhli$hed), it l'eemed 
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that a noxious effect on the blood was also conceivable. In particular. 
one might expect a formation of methemoglobin, analogous with the 
effect of several compounds with an oxidizing capacity, such as potas
siumferric)"anide, potassiumpermanganate, potassiumchlorate, etc. 



""1th a ,,'iew to the study <)f tlle6e problems. the author determined 
the O)(~'gel1 content in the arteria! h!tXld (If r.ats beforf' ann aftf'f 
exposure to stabilized and much oxidized chloroprene as well 
as,the ox)"gen content and oxygen capacity in rabbits under' 
the same conditions. It was in fact found difficult to obtain 
a sufficient amount of blood for both determinations in rats. The 
experimental series comprised IS rats and 6 rabbits. The blood 
samples in all ases w~re taken from the carotic arter)" which 
had been exposed under narcosi5, after which a glass cannula 
had been introduced in the artery. As a narcotic, the author used 
a 20 per cent solution of ethylurethane, of which the rats recdved 
0.5 m] per JOO g of the body-weight. and the rabbits 4-5 ml per 
~kg of the body-weight. by subcutaneo\l$ injection. In computing the 
oxygen content, the blood was taken direct under paraffin oil and 
immediately anal)'zed in an ordinary Yan Slyke apparatus ior the 
determination of blood gases. In most cases double determinations 
were made, with good results in regard to correspondence. A .. maximal saturation of the blood with oxygen was effected by 
causing a strong cllrrent of air to sw~p over a t11ill 1a~'er of the 
blood, which had been collected in a wide flask. As an anti
coagulant, the author used heparin. i\her first taking a blood 
sample by introducing the cannula into the carotic artery. the 
animals were exposed to chloroprene of the aoo"e indicated kind 
by putting them in a cage in which chloroprene had been allowed 
to e\'aporate, The chloroprene C'onC'entTation was not precisely 
detemlined and varied from case to case. By observing the corneal 
reflex and the general r~laxaticm, the author tried to obtain t~ 



same depth of narcosis.•-\fter the termination of the exposure, blood 
samples for re'newed analyses were taken in the way above described. , The results of th~se determinations are sllOwn by the following 
tables IV and V. 



In the experiments on rats as well as those on rabbits, the oxygen 
content in all cases was lower after the exposure to chloroprene 
than before jt, and more mar],,~ jn the rats than in the rabbits. 



A fall of the ox)'gen content in the arterial blood in connection 
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T.ble IV. Tbe oxygen cOlltent or tbe .rterial blood III rau 
!Hlore and aller expolure to cbloroprcnc, 



j Difference in per cectBelore exposure After exposure 
",of-the initial value 
.~ 



1;.t9 lO.! 
20.!! 
19·77 



J ~ .• 
21.,8 



J6·a 
.. 1.8 



J8.13 
J3· 26 



2~. 3J4· 02 
:18••20.19 J".3 0 



18.13 J9· 8J4·H 
&.621.3 0 J9·47 



20.H 17. 1 7 J5· 6 
18.,.. JO·7J6,'3 
23. 0 • 18.99 J7·6 



J9· 6 9. J8., 
22 .• a 



J6.08 
J9.32 J3·' 



2J.S. lJ·4 
23·54 



J9·'" 
20.'1 13·'



8.,21.9 2 20.04 



20.S. Ji.. 221 J ;., 



± 0.0 I ± 0.60 I 
,. with narcosi~ has been obsen'ed by several im'estigators. THOMAS 



(1898) found this to be the case under ether narcosis. and similar 
obsen'ations ha\'e been n,ade later, amongst others by P1TT (192i). 
According to F\.~ss and DURA (1930), the oxygen content in the 
arterial blood undeT ether naTcosis is greatly dependent on the 
technique. Thus it was reduced under ether drop narcosis, but 
distinctly raised in ethyloxide narcosis. Jn a subsequent in
\'estigation by DERRA (J 936), the latter found that the oXJgen 
content was as a rule redu~ed in ether narCQ~l". In narC)'lene 
narcosi~ the conditions nried, the nlues being now raised. noY.' 
lowered. and this applied also to 8\'ertin narcosis. SCHAW. STEELE 



and LA~!B (193i) found in dogs under ether narcosis a diminished 
sahlration of the oxygen of the arteria) blood, but. in general, a 
slight rise of the oxygen content. which was attributed to a 
simultaneously obsen'ed increase in the oxygen C'apaC'it~· of the 
blood. DERRA thinks it probable that a decrease of the oX~'gen 



content in the arterial blood under ether' narcosis is due to a 
diminished oxygen tension in the ah'eolar air. whereas SCHAW, 
STEELE and LA)JB consider this factor. generall)' speaking, to be an 
insufficient explanation. "'ith refn-ence to the ilwe~igatiOTls of \'A:
SL\'Ji:E, At"ST1X and (l"LLE:\ (19l2) as well as those of Cl'LLE:\, 
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Table V. The oX)'gen content. ol:ygen capacity aDd oX)'gen saturation c 
the arlerial blood in rabbits before and after cxposure to cbloroprcnc. 



The oxygen content in the 
arterial blood 



Be! r "'ftr. in ptr crnt! I-~tic " • clth(' 
exposure exposurel	 In.ilial 



value 



16.,. 8.4 



14·7' 
15. 14 



13· aa 5·9 
14.6 , 13·93 4" 



1).8, 10.415.4 6 
12.116.14 '4. 18 



tI.5G 6.01~." 



The oxygen capacity in the 
arterial blood 



llUlrr.ll<r 
BefQre 



exposure 



iAftP.r 
exposure 



n per l'toat 
of "It
Initial 
value



19. 60 16.70 14.8 



15· u 14," 5·9 
16.39 14.61 10·9 
16.,8 14·7; 10·9 
16.48 15·c8 8., 
1%.6. U.61 8.0 



The oxygen satura 
tion in the arteria 



blood 



AfterBf.!orr 
exposlln ~su", 



84·3 go.; 
96.~ 96·9 
89.' 9.H 
93'1 93.8 



97·9 94. 0 



99. 6 99. 6 
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IC.~. 



1 ".4 
.p.6 
2:.,3 



2~.= 
1<).6 



8.6 
15· to 
10·7 
17.6 



11'·3 
13,3 
11.4 
13·7 
8.7 



Ii·] 



15. 01 13.7 6 I 8., 16.1 , 10.1 9 2 .9 94. 814·"I I I I I I 
ArSTJX, KORXBLl'lII and ROBIXSOX (1923) on the acid-base 
equilibrium in the blood under ether narcosis, etc.. SCH ..\W et al. 
attach considerable importance in this respect to the shifting of the 
pH towards the acid side, with the result that the dis!>ociation of the 
hemoglobin is diminished . 



As for the pulmonary edema as a possible cause of a reduction 



• of tIle oxygen content in the arterial blood, this content, as previ
ously indicated. is om';Otlsly dependent on the spread of the ~ma. 



LeXDSGAARD and VA~ SL\'KE (1923) point out that a relatively 
extensh'e ohstruction ill\'ohing up to two-thirds of the hlllg tiss-ue. 
is required in order to cause any serious disturbances in the 
oxygenation of the blood. 



H thus, in accounting for the ,-eduction of tIle oxygen contellt 
in the arterial blood, no decisi\'e imponance can be attached, with 
any degree of certainty. to the pulmonary edema. there is another 
explanation that S~lS to be more reasonable. In the author's 
experiments on rabbits, it was noteworthy that the oxygen capacity 
of the blood fe}] after exposllTe to chloroprene. Changes in the 
oxygen capacity of the arterial blood in. connection with narcosis , 
ha\'e been observed by several authors (Ft"ss and DERR.... SCHAW 



et a1.). Generally speaking. how~"tt. the oxygen capacity in such 
cases had increased, and often rather considerably. SCH,.\\\, et al. 
found a rise up to I8.i· per cent. ~Iost it1\'estigators han 
explained this increase in the oxygen capacity of the blood as all 
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attenipt of the organism to compensate an anoxemia by an increase 
of the hemoglobin. 
. In' the author's experiments on rabbits, the percentage: reduction 
oJ the D.'(}·gen capaC!y after the exp05ure to chloroprene was 
about 10 per cent, and the diminution of the oxygen content in the 
blood fully S peT ttnt. A!> the: computation of the d~ of mt1T3t;on 
for oxygen in the blood before and after the exposure to chloroprene 
showed practically corresponding values, the reduction of capacity 
seems to sufHce to explain the fall in the oxygen content of the 
arterial blood. 



As the author mentioned introductively, a fall of the oxygen 
capacity in the arterial blood on exposure to chloroprene seemed 
to be attributable primaril)' to a fomlation of methemoglobin. He 
im'estigated the occurrence of methemoglobin in the blood of rats 
that had been exposed to chloroprene of the same kind as that 
used in the above tests. The same kind of chloroprene was used 
aYso in experiments in ,-itro, the rhJoroprcne being added direct.. 
to the blood. In these determinations, the author had access merel)' 
to a spernoscopic method of determination of small ~ensitivity, 



which gave no response until a methemoglobin concentration of 
20-25 per cent had been reac11ed. 1n the application of tllis method, 
no methemoglobin in the tests either in \;VO or in ~'itro could 
be observed. But, as the reduction of the oxygen capacity in the 
above-reported experiments on -rabbits in no case ~xceeded I 5 per 
cent, it is not inconceh'able that a formation of methemoglobin may 
nevertheless have occurred. Further investigations wiJl be required 
in order to throw light of this matter. 



D. The: Coagulation of the Elood, 



At autopsy of animals poisoned with chloroprenc. Y. OETTIXGEX 



et at. frequently found infarcts and emboli in '-arious organs. 
As it appeared possible to those tl1.rthOTs that this might be an 
indication of the tendency of the blood to clot more nadil)' 
after ~xposun 10 chloropreM. this problem was taken up for 
i",·~stigation. For the purpose of such determinations merely five r cats were med. In connection with these ~xperi\l1ents, ~rtain other 



j detenninations of 'the plo~;es of tm blood ..~re made, ~t1ch as
• the surface tension, the viscosity, the fragility oi the red cells, 
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the cell volume as well as the dry residue of the cells and of th 
plasma. Xo certain change in the coagulation time was, hOWe\'el 
noted, nor an)' marked change in the physical properties or composi 
tion of the blood in the respects investigated. 



1n the present author's animal material, findings of emboli an 
iniar:tE had ;101 been Yery frequent. At operation of animals expose 
to chloroprene, the author observed, however, that bleeding from th 
Cllt surfaces was far less marked than in animals merely narcotize' 
with ethylurethane. In view of this fact and as v. OETTI~GEX' 



investigations had been made merely on a small number of animal! 
it seemed desirable to take up coagulation determinations fo 
rme.....ed testing on a larger animal material. 



For these tests, the author used 40 white rats, weighing from 25 
to 330 grams. The coagulation time was estimated (1) before th 
rats had inhaled chloroprene and (2) afterwards. He used chlor(J 
prene which, after stabilization with pyrocatechin, had been kef 
in a glass bottle without shelter from light. !\Iost pre\'iou 
determinations of the coagulation time in rats seem to have beel 
made on blood taken frolll the tail. In this way, how~\·eT. merel: 
small amounts of blood are obtained and it is often difficult tl 
get a spontaneous flow, so that special manipulations have to b 
adopted, with the risk that fluid from the tissues mingles witl 
the blood, thus affecting the coagulation .time. The present autho 
took the blood samples from the carotic arter~', after the rats hal 
been narcotized with ethylurethane. The operations were perfonnel 
with the least possible surgical intervention and with a very smal 
loss of blood. 



The effect of diiferent narcotics on the coagulation time has bee'! 
studied by se\'eral in\'estigators both on man and on animal! 
~IEXDE~HALL (1915) in tests on cats fO\ll1d that chlorofonn ani 
chloral h)'drate did not appreciably change the coagulation timt 
but that under ether narcosis it was shortened. on an a\'erag< 
by 15 per cent of the normal time. This effect, howe\'er, scarce!: 
manifested itself in case the adrenals "~T'e rel11O\'ed. In ethe 



•	 narcosis of dogs SEARLES (J 939) Jloted a reduction of the coagula 
tion time by about 9 per cent, and suggests that this Dlight be du 
to a simultaneously obsen't'd increase in the number of throm 
hOC)1es. 



The present author has not been abh~ to find any statement regard 
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ing the direct eHeet of ethylurethane 011 the coagulation time, 
although this substance has long been exte'nsively used as a narcotic 



.. in experimental investigations on animals. Thus, FORBES and 
HOMPE (J92J) used cats narcotized with ethylurethane in studies 
of the cffec:t of carbomnonoxide, iIluminati11g gas and benzole on the 
coagulation time. 



I, The author, ill a small number of cases, has studied the coagula
I 



tion time in rats before and after narcotizing with ethylurethane 
of the same concentration and amount as in the coagulation de
terminations after exposure to chloroprene. The rats receh'ed 
subcutaneous injections of 0.5 ml, per 100 g bod)··weight, of a 
20 per cent dhyluret.hane solution. In these cases the blood \vas taken 
from the tail. In "iew of the small amount of blood obtainable 



J .	 with this procedure, another method for determination of the 
coagulation time than in tIle other tests (referred below) had to ber 
adopted. After an incision in the tail. three drops of blood were 
collected on a well-cleaned watch-glass. "'hen light rocking of the 
"'watch-glass ceased to cause any movement of the blood, it was 
considered that coagulation had ~t in. The time from the moment 
when the blood had been dropped on the watch-gla:-s up to this 
stage was recorded as the c:oagulation time. Like all other methods 
for determination of the coagulation time, this procedllre is not 
exact. Variations in the time r~uired for taking the blood sample 
may be a source of error. But, in ,-iew of the purpose of this 
investigation, even a method that was not quite accurate seemed to 
be serviceable. The intention in fact was merely to ascertain whether 
the ethylurethane narcosis possihly ~ntailed such marked changes 



( 



.'.	 in the coagulation time that they JllllSt be taken into accuunt in. 
judging the effect of the chloroprene thereon. The result of this 
investigation, which was made on 10 rats, is shown by the followin~ 



table. 
To judge by the figures, it seems that ethy]ureth::mr narcosis. 



gi\'en under the aforesaid conditions, has no effect on the coagul. 
ation time. 



As pointed Ot1t above, the usual methods for the determination 
of the coagulation time are marred by sources of error. Enn 
if tllere is some difierence in this respect in different methods, tht: 
scle<:tiol1 of the procedure seems to he of subsidiary importance. 
On the other hand. it is essentinl t11at thl' technique ad"pt{'(l l'h"nM 
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Table VI. Time ol c:oagut.tiOIl belore alld a(ICl' ctb)'lurethaDc narco.h." 



Time of coagulation
 



Case Xo.
 Difference Index )]/1before after
I narcosis j II narcosis
 



().I II a.3f. :.~:. 95' 
-0.18II 10 5. 83.3 03· 
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•IJI 1.67 1.8. -Q.I$ 109. 0 



IV 2.05 7,,·60.5'1·53 
V 0 •• 81.95 87·4 
VI 
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"1 2.n -0.,. III .•3.01 
101••VIII -0.043. 213·' 4 



IX J.9S J.H 0." 7~" 
X 



I 
2.~4 



I 
2.9' 



I I 
-0.4. lIi·S 



98.S 
2.3 S 2.37 0.09 ± 5.06 I 



be applied under strictly standardited conditions, in order to obtain 
comparable ,·alues. After testing seyeral different methods, the 
author adopted the following procedure: 



After inserting a glass cannula into the carOtic artery, an equal 
yolume of blood was introduced into the same gradl1att'd Ellerman 
tube. It was immediately provided with a rubber stopper, where
upon it was placed in a big centrifugal tube. containing' water 
heated to 190 C. TJle tubes ""ere then gentl:!J' rockened whilf the blood 
was carefully watched. "'hen it became so viscous that it could 
scarcely follow the movements oi the tube, it was considered that 
coagulation had set in. The determination of this stage is chidl)' 
a matter of experience, which is a \\'eak puim in lhil'o and mall)' 
other methods for determining the coagulation time. The author 
found. however, that the time within which there was sollle 
difficulty in observing this moment did not exceed 10 seconds. His 
tests t\howed that this SOl1rC1: of error \\'.015 of no appreciable im
portance and was outweighed by the simplicit)' of the method as 
compared with many others. 



\\'hen, in this way, an initial value for the cooglllation time 
in animals had been obtailled. they were exposed to chioroprcne 
10r abotrt 30 minut~s. For this purpose, they \I."erc placed ill a 
cage with a relati\"ely high, but not ('xactly fixed, chloToprene 
rotlC1:utration, as the ohject of the experilll<'1lt wa~ 10 find Ollt 
whether expos!lTt' to <:hloTUprelw. rt:'ganlless of "3Tiations \11 its 
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,concentration, ~ntailed any change in the coagulation time. After 
the tenllination of the exposure the coagulation time was again 
determined, in the manner abo"e described. The result of these 
determinations is recorded in the following table: 



TabJt- ,'n. l"imc fI! -e~ ~Iou and al,,., eSI'0Jurc to chloroprcnc. 



Time of coagulation 



Difference Index II/Ibefore 11 afterI
 exposure exposure 
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The coagulation time, in all cases but two, was shorter after the 
exposure to chloroprene than before it. The differenre varies 
considerably as regards the different animals. lying within the 
limits - o. J 4 to + 2·59 minutes. The mean of the difference 
....-as 0.6<), The ft1ad,~ «,;ation "la)' be due to \'arious factOT's. 
The coaJ::"ulation time bdore the exposure showed a relatively wide 
range of variation. with a maximum of 4.3i minutes am) a minimum 



of 1.52 . 'Vhen the initial value was higher, the difference, as 
expected, was usually more marked. As the chloroprene concentra
tion was not constant in the different exposures. this too may have 
conducted to the varying differences. How far this may have been 
the case .....ill not, howe"er, be discussed in this paper. 



It has thus been established that chloroprene has a coagulating 
efiect on the blood. The mechanism, howe\'er, has not as yet been 
ascertained. Here the author merely suggests the possibility that the 
greater tendency to coagulation, in "iew of the Joss of plasma which 
ha! been sho\\"n to occur in connection with exposure to chloro
prc:ne. may be due to sOllle drying of the blood. 











CHAPTER IX. 



THE EffECT OF THE CHLOROPRENE ON 
THE KIDNEYS. 



t·: At the postmort~1ll ~xamination of rats that had been exposed 
to chloroprene, the author, as well as v. OETTJ~GE:\, in a number of 
cases found degenerativ~ changes of the tubular epithelium in the 
kidne~·s. Rather often it was observed to be necrotic. The kidneys 
moreo\"t~r showed signs of a general stasis, and sometimes minor 
hemorrhages were detected in the glomeruli. Rem.! lesions of such 



4	 a serious nature have been observed when the animals had been 
exposed to comparntively high doses. These lesions must evidently 
have caused a considerable functional disturbance of the kidney. 
as most of these rats l1ad 'been afiected with anuria, sometin1Cs even 
during the period of ~xposure. 



In the light of these facts, the author considered it desirable, 
particularly from a practical point of view, to ascertain how far the 
renal function was impaired in animals tl1at had been exposed to a 
smaller amount of chloroprene. and to im'estigate whether a possible 
disturbance of function was reversible. 



Among "arious tests of renal function, 111e author selected a 
clearance of the ureal nitrogen, mainly for the reason that such a 
method had been described in detail and cart'fully tested on rab 
by F ....RR and SMADEL (1936J. In determining .the ureal nitroge11 
in the blood and urine. the author followed the directions given by 
OHLSSO~ (19P) except 'that it was computed merely in 0.05 ml of 
blood, instead of 0.1 mI. In order to avoid fluctllatiom in the 
clearnnce '\'alue o"'-ing to different foods, the rats during the tests 
received only milk. For the purpose of habituating the rats to a 
milk diet, it was introduced five days before the beginning of the 
c-leannce period. T~ amount of milk was fix~d relati\'ely )0\\"• .at 
30 ml per twenty-four hours, because the rats after the expo:.ure !; 
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11 order to avoid f1uctuatiom in the 
'erellt foods. the rats during the tests 
purpose of 11abituating the rats to a 
fj\'(' days before the beginning of the 
t of milk was fixed relath'ely low, at 
" because the rats after the exposure 



to chloroprene usualJ)' had no craving for any larger amount. and 
it was considered important that the quantit)· supplied should be 
uniform throughout the tests. The milk was received from a glass 
ampulla provided with a drawn-out neck and fitted for the emission 
(If the milk drop by drop. The ""hole amount for t~ ty..enty-four 
JlOUTS .'il:. didded into three portions. During the testf. the rat, 
were kept in cages that permitted the collection of the urine scparate 
from faeces or other impurities. 



FARR and SMADEL estimate the nom1al value for urea clearances 
in rats at 10.9±3.1 ml. As the author, hO\\~\'er, used a diff~rent 



diet, it was thought necessary to detemline the normal \'alue under 
these modified conditions. The det~mlinations were made in the 
comSl:: 01 28 hours. During this time the urine ,,-as ('o!lttted during 
two periods of 1i and 11 hours each. At the end of the first period 
a blood sample was ta}.;en. The clearance number was estimated 
for both periods. The test comprised 11 rats, so that 22 clearance 
"alues were obtained. The author found a mean "alue of 
i-4 ± 0-4 Ill\. 



The effect of chloroprene on the renal function was studied by 
tests on rats who. before the clearance test, had been exposed to a 
chloroprelle concentration of 5 mg per litre of air for 6 hour... The 
animals were followed up for a fortnight and clearance deter



. min3tions were made both ;mmediately aft~r the ~xposure and 
in the course of the 4th, 6th, 10th and 14th da)·. Altogether five 
rats were thus examined. The clearance \'alues found are shown 
hy the tahle below. 



The author found a nonnal clearance \'alue on the first day, but on 
the fourth day after the exposure the renal function is considerably 
disturbed. This di~turbance persists, except as regards one of the 



'T'ablc VIII. CleUCDce w.IDel found in fin ntl after 
expolur. to chloroprcne. 
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rab on the 6th and loth days, but the function nc\'ertheless shows 
an impro\"ement with higher clearance "alues thwughmlt. It il> seen 
from the values obtained 14 days after the exposure that the renal 
function is again iatisiactory, u..ith dearanct' nllue,: em a 1(:Yfl with 
the original figures. 



;' The tests ha\"t· actl1:llly shown that, Wht:ll rat:- tllll!!:'1 alJuvt 



~ !
I	 mentioned conditions are exposed to chloroprene the renal function 



is disordered, tIle clearance \'alue falling to more than 50 per cent 
of the nonnal. This fall is most marked in the course of the first 
few days after the exposure, but the "alue gradually rises and 
after J4 days the renal function seems to ha,:e been restored to 
normal. 
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CHAPTER X. 



THE EFFECT OF THE CHLOROPRENE ON THE 
CENTRAL NERVOUS SYSTEM. 



When v. OE:TTlSGES. in his above-mentioned "'OTk, states that 
"Chloroprene afi«ts the <:entral nen'O\15 system, as illustrated 
hy the progressive depression ohserved in all animals used in the 
diiierent types of experiments," he presumably means that animals 
sxposed to c]1loroprene show a considerahly diminished motor 
activity. These observations of v. OETTI ~GE~ on changes in the 
beh3viouT of the animals in connectian with exposure to chluro
prenc ha\'e on the whole ueen confirmed by the prel'ent author 
in his experiments on animals, They usually sit immobile in 
tl1eir cages, budging only when irritated, The)' no longe-r mo\'e 
restlessl)' searching for food. The present author, however, 
considered that this change ill the animals could not, without 
further investigation, be attributed to injury of the central nen'ous 
system. He therefore thought it desirable to test the effect of 
chloroprf'11t in this respect with a technique that would permit 
sufficiently accurate registratiol1 of a relativcly uncomplicated re
action from the central nen'OllS system. For several reasom. the 
author fO\1nd it expedi(,l1t tel l't\ldy thc sell~iti\'it~· of the llcn·0t15 
system to chloroprcllc by investigating the narcotic efiect; oi that 
substance. In analogy with similar cxperiments with other chlc.rinat



, ed hydrocarh0ns. it 5l1u\lld in fact be possible to obtain a relatively
i 



simple reaction 111 the animals. afiording iacilities fur reJiaulc:I registrations. In "iew of the practical purpose of the present work, 



Y it was also <:onsidered important to throw light 011 the narcotic 
effect of chJoroprene by c......periments on animals. It had in iactI 



I happened on some occasions that workers in s)'nthetic Tubher 
factories had been afiected with tr.ansito~· 10.<;", of consciousness 
in connection with intense exposurc to chloro)1rene. 











F'rolll a practical point of view, it was considered most urgent 
to try.and ascertain whether the narcotic effect varied with different 



"'qualifieFQi::'.ehlor ~pt.ene, ,whereas a graduation of the narcotic 
effect according tv differellt concentrations was thought to be of 
minor 1mpOTtantt. "he author therefore loo~;ed ahom for a method 
"artk'l11arly ••ell adapted for the fint·memioned purpvl-f. KSOEfU 



and l\h:RRELL'S (1935) technique seemed to meet the case. Its 
principal features are as fo11ows: - A mouse is put in a glass flask 
of known volume containing a certain gaseous concentration of the 
substance the narcotic effect of which is to be tested. If the flask 
is rotated, the mouse will at first keep its balallre, but according 
as the narcotic effect makes itself felt. it will gradua11y lose control 
of its movements. It will slip, roll round, and so forth. Ll:\DGREX 



(1946) notes a stage where the mouse lies on its back for 30 
seconds, and terms the time that has elapsed from the beginning 
of the experiment up to the end of this stage the "time of induction." 



,,By comparing the "time of induction" according to the diiierent 
substances supplied, relative ."ahles for the degree of narcotic eHeet 
are obtained. 



i; 



The present author, adopting a system proposed by AHLMARK 



(unpublished), noted the times for the reactions "slips for the 
first time," "dorsal position for the first time," "dorsal position 
go sec." and "lies as still as a parcel." As these stages ma)" be 
judged differently, it seems necessary to define the precise reactions 
denoted by these designations... Slips for the first time" (stage I) as 
a rule is easily observed if attention is concentrated on the animal's 
posture. Owing to the slip, the ~Illimal momentarily loses its balance 
and shows a characteristic oblique postuTe of the body. "Dorsal 
position {or the first time" (stage II) signifies that the animal rolls 



t over on its back. As a rule it immediately recovers its footing. 
"Dorsal position 30 sec." (stage lIl), on the other hand, means that 
the animal lies on its back {or the said time. In interpreting this 



• designation, the present author reckoned the time that had cIap~('d 



II 
i: from the beginning of the experiment to the moment when the 



mouse had lain on its back for 30 seconds. Finally. the designation 
"lies as still as a parcel" (stage I\") refers to the state in which 
the animal is unable to get on its feet, despite oi man)' attempts



t to do ~O. 



'" For the exposure, the author lIsed a flask having a capacity 
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30 seconds. Finally, the designation 
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"'1' ul"ed a flask ha"illg a capacity 



of 2·5 litres (height 25 em, radius 5.6 em). with a comparati 
wide neck and proyided with a cork. Through tht' cork was 51 



an 8 CI1\ glass rod at the lower end of which 'l\'as placed a piec 
gauze, on which the desired amount of chloroprene was droP! 
The rotat;ol1 ¥.'as ~{iected by rolling the flask to and irom c 
table for 2 distance of I metre £lld a' <I sp......d of .bout 40 me 
per minute. The author first placed the animal in the flask 
then dropped chloroprelle. on the gauze, whereupon the flask' 
quickly corked and the rolling immediately started. 



As, in narcosis experiments with the above-described techni<. 
it is obyious]y of great importance rapidly to obtain the desi 
concentration of chlorop~ne in the flask. the author Mudied 
t\-apoTation rate of the chloroprene as ,;:ompared ""ith that of dl 
For these tests, the author llsed a sensitive balance and reeorl 
the lapse of time from the moment when a certain ~ual amo 
of chloroprene or ether had been dropped on filter paper on I 



of the scales until the balance had returned to its original positi 
The conditions with regard to temperature, barometric pressll 
etc. were similar to those in the rolling experiments. It was fOt! 



that chloroprene evaporated very rapidly, and at almost the sa: 
rate as ether. TlJis .pplies parlicularly to chloroprene that Ii 
been kept, after distillation, under nitrogen or carbondioxi 
in sealed glass amrullae. Under the ~tat~ ~on<'litiolls, this qual 
of chloroprene completely evaporated within 45 seconds. OxidiJ 
chloroprene e"aporates at a slightly slower rate than non-oxidizl 
Polymeri7.ed chloroprene likewise e\'aporates quickly. though r 
(Iuite completely, which tallies ¥.·ith the well-known fact that t 



polymeric fonm are less "olatile than pure chloroprene, 
These evaporation tests have thus shown that, under the stat 



conditions. the intended concentration of pure ot' oxidized chlol 
,,,.ene is \~r~' rapidly obtained, whereas it 11IU5t be expecled 11 
the concentration of the polymeric forms. which. as stattd. 01 



less volatile. will 110t completely correspond to the amount suppIi'1 



r 
I But, as the author primarily intended to ascertain the qiffenm 



1n the narcotic effect of different qualities of chloroprene. a min 
defect in the ~onctiltla'i.ion of 1M pol)'merie {<lmlS ";as not C€i 



sidered to be of essential importance. 
In accordance \\;th his OWll ~xperience and that of others. LI~ 



GREX indicates the conditiolls that should be fulfilled as rega.l 











l 



the>animals ill narcosis experiments of this kind. He notes that 
no selection had been made in regard to sex, as both sexes seemed 



·t· ·toreact inuch' iIi; the same way. As for the weight of the animals, 
LIXDGREX points out that, broadly speaking. there is a direct pro
portionality between the weight and the "time of induction." as he 
had in fact showl1 in a series of tests \\;th ether. 



In tests with chloroprene, the present author investigated whether 
the weight of the animals actually afiects the "time of induction." 
He tested stabilized chloroprent' that had been kept {or a consider



''If'lductlon tim,"t. 
~"'vte, 



• 



WI_ 
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Fig. 10. - Weight and time of induction. 



ahle length of time at r~om temperatl11'e anr1 without l)l'lng 
screened from light. The test was made on 30 mice. whose weights 
varied between I I anu 11) g..-\5 the "time {)f inductiun" he reckoned 
the time that had elapsed from the h(·g-inning of the tc~t tlntil the 
mouse had lain on its lJack for 30 S('CO\1(1,;, He f\lund that the "time 
of induction" was extended according as the weirht of the animals 
increased: but whether 'this ril'e was din·ttly VTlIplITtional to the 
increase in weight could not be determined without extending the 
experimental series. T~ author's results. howe\"-er. do not confli<:t 
with such a proportionality. 



In the naTcosis experiments made by the autl){)r with difierent 
t·•,~ qualities of chloroprel1e. the ",-eight oj the mk"e a\'erageu 18.~;; g 



. t =o.:?i, the range being between 1.5 and :q g. 
:. 
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The amount of chloroprene supplied in these tests was 0.1 1111. 



except in the la:st one, where 0.2 ml was sllpplied in order to gi\'e 
a sati~iying concentration with regard to the eventually less volatility 
oi the polymerized qualities. 



Tbr numher of animals test~ 's mentioned under lhe respecti"e 
Figure. 



As previously pointed out, c1110roprene has a great afiinit)' ior 
oX~'gen and a marked tendency to polymerization. As a rule. there
fore, in working with chloroprene, we must expect oxidation and 
polymerization products, unless special precautionary measures 
are taken. It seems therefore to be of great interest to try and 
ascertain how far oxidation or polymerization modified the efiect 
of the .cbloropreJle on the central nervous system. As regards 
oxidation, it seemed that this matter could be best stlldied l)y 
comparing the narcotic effect of oxidized chloroprenC' with a 
chloroprcne obtainable. so far as possible, in a chel1licall~' pure 
fOrl.n. In these experimenl5, the .anthor made such a comparison with 
redistilled chloroprene which, after distillation. had been kt'pt under 
a nitrogt'll atl11ospher~ in close gla~s ampullae (this chloroprene· 
is designated here by the letter AI. 



In narcosis ttsts "'ith this chloToprene in accordance with tl1e 
abO\'e indicated method, the chloroprcne was used iml11tdiately after 
the ampulla had heeD bToken. In this way the tes1 could be carried 
Otlt witl1in the latency time during which no oxidation had as )'n 



taken place (RUT). In the author's first experiment (see Fig. Jl) 
the narcotic eHect of this chloroprene was compared with the 
tHen of the same chlofoprellf after it had fin,t been oxidized 
by causing .oxygen to pass througll the chloroprene for ahllllt J() 



minntes (this chloroprelle is denoted by the letter AI)' It is seen 
1rom the Figure that the narcotic efiect <liilers considerably in the~t 



h\'o qualities. It i... already Jloticeable en'n aiter a hrid exposure 
to chloroprene. but becomes more marked according as the narcotic 
eiiect increases. \\'ith chloroprene AI. the narcosis stage HI is 
already fe:lc11ed after 14 minutes, whereas with chloroprene A it 
is not reacht'd until after the lapse of 26 minutes. As the sole 
difiercnce in chemical respects that seeins to e.xist betwt'en the 
tested chloroprene qualities is an oxidation, the more poweriul 
narcotic effect of chloropreJle .'\1 must in all probahility be attributed 
to oxidation product::: t11at had been (]c\'eloped. During the hrief 
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~pace of time required for these tests there is in fact no reason to 



.. ~PfP~C,t,~Jl~t~~~):y~lp~~e,rizati(l11forms had yet been produced. 
, )11' Fig.' IJ the reslilis' ffom the test with chloroprene (denoted 
B) obtained by ordinary laboratory distillation of technical chloro
prene are iII\1~"trated. This t"hloropr~m: (B j y,as used immediatet)' 
after d;~i"ati(m. Her<: too there is a distincl difi('rellCf' in tht 
narcotic efien as compared with chloroprene A, though not c)uite 



Fig. I J. - ~arcosis trsts witb di!
f~rent qualities 01 chloroprrne. 



- Quality A test~d on 10 mite 
- - - _.•• Quality AJ t~sted on ,mice 



The dif(erenc~ (11.07 :!: 0.74) ~twrrn 



"the induclion time" (Stage III) of 
A and A, is statistically lignific~nt. 



Fig. 12. - Narcosis tests "'jth diI
fermt qualities of chloroprenr. 



___ Qualit}· A tested on 10 mice 



- - - - - •• Qilality B tested on 9 mice 



The difference (9·44 :!: o.~~) between 
"the induction time" (Stage III) of 
:\ &lid B is statistical!y si~ificient. 



so marked as in the preceding 'e~'1. In this caSe too tht' diiicrence 
seems to be due to oxidation. It may in fact IX: presumed that. 
in \'ie'" of lhe marked affinity of chloroprelle for oxy~t'n. the condi
tions in an ordinar)' JaboratoT)' distillation sufiice to cause a rapid 
occurrence of oxidation. 



The greatest difference in narcotic effect was observed 011 COI1l



parison with chlOt'oprcne which, after distillation, had been stabilized 
with pyrocatechin .and .aIt.erwards had been kept ior some timeI



I
, 



in an uncorked glass bottle without screening from light (here 
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Fig. n. - ~arcosis tests with dif· 
ferent qualities of chloroprene.
 



_ Quality A tested on 10 mice
 
••••••• Quality B tested on 9 miCf
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designated B1:1. It is seen from Fig. 13 that the narcosis sta 
is already reached with tllis chloroprene after abo\lt 8 minute 
possibilities of far-reaching oxidation had evidentl), been 
fa\'ourable with this chloroprene. and it is also probable th 
powerful narcotic «:fiect had been mainly due to oxidation pro 
Jt is, 00"'('\'('., l'DllCeh~hJe iliat .a crr1ain .mount of (i-pol 
may also ha\'e been formed and conducted to the said na 
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Fig. '3' - ~arcosis tests with dif- Fig. 14. - Narcosis tests \\ith 
ferent qualities 01 chloroprene. ferent qualities of chloroprenf 



-- Quality A testen on 10 mice - Quality B tested on 9 Jl 



•• - - - •• Qualit), B1 tested on 15 mice •_.•.•• Quality B1 te;;ted on 15 n 



The difference (17.3' == 0,'4) bet...-een The diffoerence (8,1' ± 0.14) bet.. 
"the induction time" (Stage III) of "the induction time" (Stage Ill: 
A and 2 1 is statistically si;nifici~nt. B and B) is sUlti~ticall,. significil 



tHeel. As tht: anthor l'ho\\'s belo\\'. the narcotic eifect illcre... 
according as the polymerization proceeds. 



t 
In Fig. 14 the a\ithor has compared the narcosis tests \1 



lalJoratory-distiJled chloroprene (B) and pyrocatechin-stabili 
chloroprene (B l ). This comparison is of special interest, as t~ 



t\\"o qualities represent chloroprene that had often been used 
laboratory experiments, but which also occurs in the product 
of synthetic rubber on a manufacturing scale. The narcotic ef 
is relath'ely high in both ca~es. but distinctly higher for the chIc 
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ptene thilt had been exposed to air and fight iot a considerable 
length of tilllC, 



',', ' 'co,' ~}'he ,~uthot:,~9ns;det~d it also 01 Illterest to ascertain whether 
" ,	 the narcotic effect was influenccd by the degree of polymerization. 



He accl11dillgly allowcd !lcwly di~ti11ed chloroprr:1H: \(. stano 10r 
one d•• ~. or fOT t\\·c da;"£. "'ithvUl .. stabilizeT, In C'0I11IlClrin~ thc~c 



qualities and freshly distilled chloroprene, Fig. ] 5, one finds 
a certain diiference, though <In a minot scale. As pre\'iousl)' 



Mil nI.'tes 



...__,.._....._ ....._ ....._ "cr(Ol'l 



D m IY 



Fig. IS. - );arcosis tests with different quali\il-s of (;hloroprene, 
- C. - non-polymerized c1orc.prene tested on I5 mice 
•...••. C1 - chloroprene. polym!'rilcd for I day tc,ted (,r: 5 mice 



(~ - chlo:-oprcne. polymerized fur 2 day" t{';\ed Qn 5 nllC~ 



The	 llifIt'nmct> (::,:(. == O.4:) b~tw('€n "the inductioll time" (Stage )I]) 



o! C. and C: is ~tatjstically ~io;nifjd('nt. 



, 'J 
\ nl/ted. r(:~en'.nliun nltl~t lx' Illack il.,r tllt: p(1~~jhility that tl,(.' 



!,('!yl1lcric forms may not h;l\"(' l·('l1ll.1ctdy ClJHC,;l'lI)Hlcd hI the 
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,amount ~lIppJic(l. a:< tlw polymer", llrc Ic:;" '"ulatile t!l;1I1 ptITC chl.,ro
prene. The obtained e{iect is like!y to be greater ii the evapIJration 
had becn total. ~Ioreover, it is conce;vable that the change in the 
narcotic effect, at any rate in part, may han been due to oxidation 
products. the fOnllation oi which cannot be avoided in tests 
like these. 
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CHAPTU XI. 



POSTMORTEM FINDINGS. 



In the following an account will be given of microscopical iii 
mainly from organs whirh it was of special interest and impo 
to examine in connection with the present author's experi[ 



imestigations on animals. Firstly. as regards the lungs. a 



ptlrisol1 with control animals was 3S a rule made. as it is I 
means unusual that the lungs {If lahoratory animals "nom 



show sen~:ral pathological findings. 



Jn the acute lests hyperemia with edema was. the c{'mm 



finding also in the present authQr's nlaterial. Tbe edema was 
marked in the inhalation tests, but occurred also after inje 



of chloroprcne. In some lungs there was not only an efflux of fhl 



the alveoli, but also an interstitial edolla. Jn 'such ca:::es one ( 



rather ofteu observe thill-walled. greatl.\· distended alreoJi ane 



several preparations. a distinct emphy,;emtl occurring ill patl 



e~pecially in 'the TmlTginal part:5 of the lUI1~~, Thi,; ell1ph)": 



usually developed rapidly in the course oi olle or t\"U hours, and 



be regarded as a so-called compensatory elllphy~t111~. :\ m 
picture is well-known £rol11 pho:,gcnc pni~0I1ing (L\Qt'El"R 



~1."GS'l·s, J9!J J, though in such ca~e5 the l'd<:llI:l in the IUII~" 



rule iii more marked than after exposurc to chloroprent'.. 



I n the experiments in which the prest'nt author tested oxic 



chloroprelle. the pUlmOll<lT)' damage. with the same .a111ount 



chloroprene, w.as more marked th..n when iresll1)' distilled eh: 



prene was employed. ] 11 long-continued inlmlati(m te:5t:5 on 
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exposed to a concentration of 0,2 mg per litre oi air il)r 8 hours 



. a day in t.he f~gur~e of fh'e months (see Ch. Y B), the pulmonary 
. challges ",erein·considerable. In some cases a purulent bronchitis 



occurred with round-cell foci roulld lIlt' bronchi. Bul. as this 
symptom was found also in one of the control animals, and as it is 
'lot 'a nre phenomenon in labontOT)' animals e\'en if they han: 
not been used for experimental purposes, these findings canllot be 
attributed to the effect of chloroprene. In the experimental series 
where the animals were exposed to a chloroprene concentration 
of 1.2 mg per titre of air during the same period as abo\'e stated, 
a slight h)'peremia usually occurred in the lungs, and in some cases 
minor hemorrhages in the parenchyma. Symptoms of a moderate 
pulmonary edema were obsen'ed in some of the animals. but 
no emphysema, 



l' 



Pathological changes in the heart ha\'e been \'er)' sparse in the 
author's material. In the acute tests no cardiac lesions could as a 



• rule	 be observed macroscopically or under the microscope. After 
inhalation of chloroprene (J.2 rng per litre of air) for some length 
of time, slight degenerative changes in the heart muscles. with 
sarcolysis in a few cases, occurred in some of the animal~. 



The most marked changes in connection \\;th exposure to chloro
~	 , prene were found in the li~r, After a short exposure with relath'ely 



low concentrations of chloroprene, they consisted of a more or less 
marked, mainly capillary, hyperemia. At higher chloroprene con
centrations degenerative changes occurred, with decomposition of 
the liver-cells, especially periportally. In some preparations necrotic 
foci were obsen'ed here and. there. As a rule fau)' changes occurred 
merely to a slight extenL In the animals that had survived the 
tests for Some length of time, there were signs of reactive processes, 



f	 with granulation tissue. 



r The renal lesions were mostly confined to the tubuli contoTti. 
with degenerative changes of the tubular epithelium and here and 
there slight fatty changes. These changes, however, did not appear 



L	 until after a rclath'ely intense exposure to chloroprene. "'hen the 
chloroprene concentrations amounted to 5 mg per litre of air or more 
for 6 hours, the glomeruli were also affected. with exudate in the 
rapsular spaces. 



In some brain preparations {rom rabbits that had been camed to 
inhale chloroprene, a moderate hyperemia was ob:.tn"ed throughout 
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in the cerelJra! and meningeal blood vessels as well as a . 
edema; but no hemorrhages could be seen. 



As previousl)' mentioned. a case of mortality due to 014 



prene poisoning occurred among the worklll~n in conn 
the production of synthetic rubber in Sweden. Thi!. h 
the deanirlj;" of a •·la.te~:" container (ftOlymeriution ves 
was to be freed irom accumulated rubber waste. The \\ 
question went down into this container without obs~ 



prescribed precautions, such as blowing air through it. ' 
therefore came to contain residual gas consisting mainly 
prene and which, owing to its weight, had been concentra 
lower part of the Vi:sse1. When the nWl had been about 
seconds on the bottom of tht rontanleT, he .....as ob~d • 
and collapse. He was extricated from the container after al 
or four minutes, but then showed no sign of life, and all 
at resuscitation were in "ain, 



At the postmorteml the chief changes found were in , 
and air passages. The lung tissue e\"er~'where contained un" 
amount of a rather tllin. blood-coloured fluid, 1n the 
parts of the lungs this fluid contained air. In the lan'nx 
.nd bronchi the same kind of blood-tinger Duid was fO~ll(:l 
mingled with much froth. T~ microscopic examination of't 
iOllOV.'Cd "'31"~ hypemllia of the blood ~sds and a 
amount of thin fluid en'rj"where in the lung tissue. 



The course of events in this case, the postmortem finc 
well as obsen'ations from experiments on animals make it 
to judge the probable cause of the death. The workman h: 
soon (after about 30 seconds) lost consciousness, so that 
unable to keep his balance. This effect was doubtless due 
action of the chloroprene on the central ner\'ous systel 
~-perimrnts on mJimals had shoWTl that chlOTOp1'ene ha~ 'll 



narcotic efiect (see eh. X) and the author has pointed ( 
acute cases of poisoning with transient loss of consciousn 
occurred in the factory premises before the hygienic c~ 



had as yet been impro\'ed. The rapid sequel indicates t 
workman had been exposed to a Yer)' high chloroprene COl 
tion which probably had soon led to a ttntral respiratory 



'1 The pOSlmOTtem examination "'·n made by 't>ocenr "Ii. SJO\'AU
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Para~)e1 J,·iththis efiect. the gas had had a direct action on the 
respira:tory·pas5age~. wl)jch had re~ulted in a pulmonary edema. It 
is not improbable that this edema to some extent had been also 
caused by a stasis in the pulmonary circulation by a failure of the 
heart ~C1iotl, in :malogy with the ()h~eT\'atiom made hy the author 
11; ~xperimenl.c on animal£. 
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CHAPTER XII. 



DISCUSSION• 



The ~xperiD1ental ill\'estigations 011 animals have, in se\'eral cases, 
shown that omation as ""elt as polymerization changes the pharma
cologic properties of chloroprene. The author has, for example. 
found that the mortality in rats is considerably greater on the 
suocutaHeOllS injection of oxidized. as compared with non-oxidized. 
chloroprene and, in studying the effect of chloroprene ('In the central 
ner\'Ous system that the narcotic eHect increases on oxidati(11) and 
polymerization. The .. supennortality" obsen'ed en the injection of 
oxidized, as compared with non-oxidized. chloropn.:nc ~huuld 



probably be attributed to a cardiopulmonal insufficie:1CY in the 
animals to whom the first-mentioned quality of chloroprene had 
been administet"ed. The lungs of those animals in fact showed a 
continuous increase in weight, with intensification of the edema and 
stasis, according as chloroprene was supplied in increasing amounts. 



In view of the author's investigations into the eiiect of chloroprene 
011 the heart, it may he presumed that the pulm!JnaT~' cbanges art' 
to some extent attributable to a failing heart action. In all prob
ability, the oxidized chloroprene with its acid products also has 
a directly injurious effect on the lungs. with resulting edema. This 
is indicated by the fact that the ptlhllonary edema wa:; particularly 
marked on the inhalation of oxidized chloroprene. The subcutaneous 
method of administration does not rule O\1t the possibility of a 
directly injurious eHect on the lungs, as such an efiect l11a)' occur 
after chloroprene has been supplied to them via the blood. A similar 
mechanism has been described by DEtcH~L\~~ et aJ. (1944) on the 
injection of kerosene into rats. 



In recording the blood pressure at the carotic artery in rabbits 
and cats in connection with inhalation of chloroprene, the present 
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author has "erified ". OETTl:"GE:"'S results from similar experi
ments.. l:he pre~ent author considers the fall of the blood pre~ ...ure 
'to beall1aliifestation of a depressant effect on tIlt! heart. He in fact 
observed a destinct effect of this nature in experiments with chloro. 



" prene on iloolated Tabbh's and hog's heart. 1t se<.'ms hard to under
stand that ". OF.TTfSGF.X did not obscrn: an~' mch dit:cl iI' .na



l' logous experiments on frog's heart in accordance with Straub's 
technique, E"en if different qualities of chloroprene had been used . in v, OETTJ:"GES'S and the present author's experiments. this .~ scarcely seems to be a cOll\"incing explanation, as the author could 



\' 
not obsen'e any ascertained difference in the tHect of diiierent 



,,
.' qualities of chloroprene on the blood ~st1re ;" ~xperiments on 
I;, rabbits in ,-ivo. In default of a direct effect of chloroprene on isolated 
:: frog's heart, v, OUT) SGE:" supposed that the observed fall of the 



bluod pressure from the in vivo tests was attrihutable to a. pre
sumably acti\'e. dilatation of the abdominal blood \'essels. 



It seems to the present author that there are no cogent reasons 
4 lor such an assumption. The freqllpntly occurn11g hyperemia in the 



alxlominal organs after exposure to chloroprene should. in:,tead, 
be regarded as a sta~;js hypercmia due to failing hcart action. In 
perfusion experiments on frogs in accordance with Trendelenhurg's 



. technique. ", OETTJ:"GEl' found a "asoconstrictory eHect of chIoro
' 



prene on peripheral \'essels, but lle does not report any tests that 
would ha\'e shown a dilatatory efiect of rhloroprene on the ab
dominal \'essels. 



As pre\'iously mentiollt:d, the increasc in the hematocrit valli<: 
of the blood !nay al50 be referred to disturhance oj the circulation 
and should be mainly attributed to a loss of plasma in connection 
with pl11monary edema due to srasl:' in tht: plllmonary circulation. It



1 set'm~ moreo\'er by no means improhable that the "iscosity of tl1l' 
blood may be increased by the loss of pla!'ma. thus intensif~;ng 



its coagulati,'e tendency. The mechanism would thus be analogous 
with that in phosgene poisoning, where lht clIagu]arie,n time i5 
reduced owing to drying of the blood, True that \'. OETn~GE:" 



did not find ally increase ill \'iscosity in his experiments on cats, but, as 
no particulars are gil'en about the quality of chloroprene used. no 
decisive importance can be attached to this te~t. 



The anemia obsen'ed in connection with long-continued inhala
tion tests on rats should prohahl~' he attributed tCl a toxic injury oj 
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the blood-fanning organs and can scarcel\' be oi alimentary 
character, eyen if this might be indicated 1)\' tile simultaneous lo;s 
of weight. In fact, setting aside the first few days after the ex
perin~ents had been started, the ingestion of food by the exposed 
animals ..:as. broadly speaking. quite «4ua1 to that of the controls. 
The degenerath'e changes in parenchymatous organs. especialiy liver 
and kidneys, may also be regarded as an indi'~ation oi lTljuriou~ 



toxic effects on the cells. 
Finally, as regards the reduced oxygen content of the blood after 



exposure to chloroprene, the author has shown 11)' his experiments 
that it is in all probability due to a diminished oxygen capacity in 
the blood. Though the author considered it most probable that this 
diminution in the oxygen capacity was due to a formation of 
methemoglobin. he has not yet ~n able to adduce any com'illring 
evidence in support of this view. 
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Examination of the Workers in the Synthetic 
Rubber Industry. 



CHATml XIII. 



INfORMATION ABOUT THE EMPLOYEES. 
',' 



In Chapter II it has been pointed. out that, on examination (I( 



f	 the men employed in the s),nthetic rubber industry, it was found 
that only the workers in certain' departments showed Sil!'llS of 
ill-health owing to their work. The said groups of workers have 
been subjected to thorough examination, whereas the other 
employees have tJeen more cur50ril~' examined. \\'ith some few 
cx«ptkms, all the examinations were nude at the place whr.re the 
work was carried on and thus in close connection with the exposure. 
This was considered important, as some of the symptoms shown 
by the workers vanished or abated rather soon after the: termination 
of the day's work 



Repeated medi~1 examinations of the workers were made by the 
anthor in the course of the )'tars 1944-J947..~s most of the 
workers in this industry' had been pemlanently employed during 
these ~'ears, the o:aminatiolls nwo!\'ed continuous control of the 
same persons. It may he noted that only male workers were 
employed in the factories, Their age distribution is shown hy the 
following table, 



~Iertly a few of the worlmlen in the rubber industry had 
previously been employed in any other chemical industr~'. ~Iost 



of them had been employed ill sawmills or else in lumbering or 
agriculture. As a rule, heav), manual labour does not occur in the 
synthetic rubber industry, the work consisting largely in attendance 
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to apparatus. The work is carried on in three shifts, with w 
periods. The changes of shift are timed at 6. 14 and 22 ~·c1ock. 



The rubber facton' where the most thorough medlcal exan 
tions were made is 'situated in a sparsely populated district. 
most oi t~le men li"ed a lang distance, ~ kilo'l11et~es Ci" more. a 
(rom the iacton·. "'hile the manufacture "as in an ~XperiJl)( 



stage merely s~me thirty workers were emplo)'ed, whereas : 
later date. when the industry had been extended, they numb. 
about two hUlldred. All the men who might conceivable have 1 
exposed to any noxious substances from this manufacture \\ 
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22 



34 
21 
JO 
12 



14 
18 
15 
3 



15-19., , 
Z0--24· , ,. ,' .. , .. " , , 
2,5-Z9·,····,···,······ . 
30--34········· . 
J5-J9········,········ . 
40--·44······,·········· . 
45-49···,·······,····· . 
51>--504 .. ••• .. • .. ••••••• • 
55-59,··,···,········· . 
00--64 .......••..•••...• 



subjected to medical examination 011 at least ol1e occasion. Th 
more continuous and thorough examinations were made in the cas 
of workers who showed symptoms of disease, .A,s already mentioned 
they were {ouild mainly in the distillation and polymerization de 
partmems. 



In the nledical examination of tl1e workers, the author endeavour 
ed to obtain the most detailed possible anamnesis - especially a: 
regards their social situation. The state of health and performanc1 
of a shift worker obyiously must be closely dependent on hi 
opportunities for re<:o\'cry <luring his free tin~. )lost of the worker: 
in this industr\' had had difficulties "'ith the housing problem an( 
had rarely bee; able to procure a d~'dling where they could obt.ail 
satisfactory rest (lr sleep in the daytime after a night shift. 



The way in whidl the workers spent their leisure time. especiall: 
~s regards ~thletic sports and physical \\'ork u'as follo\\'ed witl 
Jittentioll.. as the author considered that such initiati\'es were go04 
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Namc: 



.A d,tsj : ; .' , 



Born on the I 
Occupation: 



~us ~mplo~'Dlent: 



£mplored in the S\'lIthajc rubber industry since: 
Principal work in the factory: 
Exposure to Cbloroprene: 



Heriditary conditions: I Pre\'ious diseases: 



SflbiecJit'e .y"tPJoms: Obsen'ed first time: 
Fat4:'ue (impaired wtc of health) : 
Pressure and pains over 'the chest: 
Palpitation of the heart: 
Headache: 
Giddiness: 
Irritability: 
Dermatitis: 
Loss of hair: 
Other complalDts: 



S/AlUS: 



Genn"lll condition: 
Throat aDd or-.l u\·it)·; 
Heart: 



.) percussh'c heart limits: 
b) sounds: 
c) rythm: 



Blood pressure: 
Pulse: 
Pulm: 
Abdomen: 
Skin: 
Renexcs: 



a) pupi11aryrenex: 
b) patellary Tt'nex: 
c) Babin.k,,: 



Romberg: . 



Laf:>CWlJtOf}' tt'sts: 
SR: 
HB: 
Red «115: 
White cells: 
DiHerential count: 



Heller: 
Almen: 
t:rine 5eJimt'nt : 
Schlesinstt : 



Fig.•6. The examination was made in accordance "'lth this !'chedule. 
but with some de\'iations where necess.ar~·. 
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Previous diseases: 



Obsen'ed first tUM: 



Born on th~ / J . 



Occupation: 



lealthl: 
Ie chest: 



Heller: 
.'t.Jmen: 
t·,ine se<limenl : 
Schlesinger: 



15 made in accordance with this schedule. 
de~'iatjons where necessaT)·. 



J 
~. 



indications of their physical and mental health and curre 
well with the hygienic conditions at the establishment wht 
worked. Soon after this industry had started most of the ' 
were incapahle of any work or other effort during their fr 
and had to dt'\'01~ it entirely to !'est. But, acrording as the I 



examinations proceeded and the- managers or foremen cc 
given suggestions or instructions for improvement of the h 
conditions, the leisure-time occupations were resumed and 
long they were being carried on to quite the same extent 
workers in other industries, 



In studying the workmen's anamnesis, it was found, that 1 



4l. few of them had had an)' serious diseases, Those cases 
it ~\'as concei~'able that :in impaired condiuOll of health 
possibly be due to a disease which had fontlerl:; been passed th 
were not included in the author's material. A similar remark a 
in regard to any temporary ailment that might be expected to i 
the worker's capacity, 



As regards the symptoms (iound in examinations accordi: 
'the schedule in page 86) of disease amol1g tIle workers 
their distribution actording to the diiicrent departments, the T' 



is referred in essentials to the statements made in Chapter II. 
differences or special Ieatures in this respect found in the diff. 
factories will be mentioned further on in connection with a rt 
on the in\'('~tigations in those establishments. 
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CHAPTEll XIV. 



AT THE PILOT PLANT. 



A. Distribution of armptolnS. 



The author's lirst medical examination of worhr:; in the ruhhcr 
industry was made at the beginning of 1944 at a pilot plant. which 
had then been in operation merely for a comparatively shurt 
period. This factory was housed in old-fashioned, crampt'd I.m:mil't'l' 
with defecth'e hygienic conditions, and lacked special S<licty 



• regulations	 {OT the workers..As the difierent depanments were 
not properly st'par.lted, and as many of the workers circulated 
{rom one dq>anment to another, it was not possible to form any 
distinct idea :is to how the symptoms were distributed according' 
to the difierent departments. I n the tahle below the distrihution 
of the symptoms is estimated on the ba~is of the whole number 
of workers (thirty) in this factory. without reference to ue
partments. 



Thus. despite the circulation (of tht: work('r,; in thi,; fiictory 
between diHerellt departments. the incidence of disea~e symptoms 



T.ble X. Dimibution of .ymptoml Imong the workers
 
It the pilot plant.
 



The pi}.:,\ 
plant5	 y m p t 0 rn I 
worker~3° 



I~ -41) 0
0Fatigue (impairment of healthl ...... 



Pressure and pains over the chest .. , . 
Palpitation or the heart ..... , , .... , .. 
Giddines , ......• , .............. , .... 
lrritabilit\· .................. , ....... 
1.>t',matitis ..................... " .... 
Loss of hair ........................ 
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among them was high. As the author had pointed out, t 



due to hygienic defects of difierent kinds in the factO! 
distribution of the different symptoms in this factory tUJ'1 
to. be "ery similar to that which the author afterwards f( 
other taetorie~ "..hich ".~ far 1nOTT ull-to-date. 



The SOIua.tir examination of the workers at the fact 
<Iccordance with the above ~chedllle )'ielded very lew 01: 
findings. In 1110st cases, moreO\'er, they could'scarcely be 5\1: 



to have any connection with the work at the factory and. gel 
speaking, were already known to the men before they were eml 
in the s)'nthetic rubber indul'try. There occurred, for ex; 
a case of Addison'Ji disease, as a1~0 one of asthmatic bran 
and in two of the Illen a blowing cardiac JllUnllUr was J 
These Illen had pre\'iousl)' been e.xamined at a medical c1inil 
it was considered that they had no organic heart disease. 



The result of the investigation as a whole indicated m 
a ycry satisfactory state of health among the workers, which 1 
corresponded 
among them. 



with the subjective symptoms. that OCCt: 



As regards the 



B. Blood examinations. 



laboratory tests, only the hemoglohin and 
cell figures y,'iII 1Y.: disctlssed here, as the~' \l..ere the onl~' fil1l.1i 
that showed pathological \'alues. These blood values were deten~lil 
by the author on four diHerent occasions ill tIle course of 
years 1944-194:. For the Hb-determination he used a standardh 
Sicca hemometer (IOO~' Hb = J9.0 \'olume per cellt oXJgen) a 
made the sampling and readings in accordance with the instructic 
gil'en for the use of this apparatus. The blood-cell count was ma 
with tl1e aid of a Burker chamber in the usual way. - In the tal 
belo\\' the mean "alues for hemoglobin and red cells from the thi] 
workers at the diiierent examinations are recorded: -



TablR Xl. Hfmoglobin alld Erythrocytes (tS ....·orkns). 



Occasion of examination Hemoglobin 



Januari 1944 .........•..•.•..•.... ".38, == O,~J:i9.9 == 1.0G 
:.\Iay 1944 , , . 5.1"~ ± O.J 0:S6.) == t.)) 
Xo\'emm J9+l. _..••.•..............
 IOJ.6 ~ J.6.. ~,17~:: o.os: 



5.10(, ± O.O~l108.9 ~ 1.21Februllry 1945 .. ,."., .•. " . 
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" ; ~" I, \~i,ll J)~, seen from these figures that the hemoglobin and. 
in a nlinordegrce. the red cell counts were lower at Ihe three 
first examinations than later. The sample last taken shows values 
that correspond well with those found by E:-;GHOFF in J93i among 
the population from tllt place "'here tl'H: factory was situated. 



Ii E~cHol'r ~timat~ the number c! 1'ed cells (or healthy men bet,,;een 
the ages of 18 and 29 years at 5.4 ±0.06 million. and the oxygen 



'r 
'. capacity of the blood for the same age-group at 2J ,5 ± 0.28 \'Olumc 
J: 



per cent.k



" 



, If the latter "alue is cotwmed into a Sicca "alue in accordance 
;~ with the apparatus used by the author, we find a hemoglobin per



centage of J J3.J. According to this comparison, the workers at the 



·1 
medical examinatiOTls in January and May 1944 aPJ>eaT to have 
had a distinctl)' hypochrome anemia. which, however, showed an 



~ : 
impro\'ement in the course o£ the year, so that at the beginning 



40£ 1945 the blood \'alue" were. broadly speaking. normal. 
Even if these workers had presumably been exposed to several 



of the suhstances {oOlled incidentally during the manuiacturing 
process. there is ne\'ertheless good' reason to suppo~e that the 
anemia had been caused by chloroprene. The author heis in fact 
sho"'n (see 01. YIII AI that .a h~'pochrome anemia de\'e]oped ill ' 
rats exposed for some length of time to aiT containing chloroprene at 
a t'01lct'ntTation of 1.2 mg peT titre 01 aiT. The a\1thor, \mfortunatdy. 
has no information regarding the chloroprene concentration in the 
premises of this factory. as no suitable method for the determination 
of chloroprene in air was known to him at this time of the in
,-estigation. Btlt, in ,-ie\\' 01 the fact th;lt the chloropr'elle COIl



centration in the newly built factories with far better resources 
lor ventilation occasionally amounted to J .65 mg per litre of air 
(the di~tillOltioll department), it seelll~ highly probahle that the 
workers at the pilot plant had been e::'\posed to Hlch high chiaro
prent' concentrations as to permit the development oj Clnemia, The 
progressi\"f improvement in the worker,,' blood staws olt.'iern:d 
at examinations at the end of JW4 and beginning oi J943 may 
be attrihuted to the sanitar)' improvements made in the course 
of 1944. The chloroprene concentrntioll necessaTy to cam-,f the 
<le\'elopmel1t of anemia secms t(l he ahout J.~ m~ per litre oi air. 
] n the author's cxperiments on animals no anemia licCllrreu with 
a concentration of 0.2 mg per litre (I; air. nOr did he ohstrn: any 
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anemia among the workers at the other factories, where, at any 
ratc to begin with, the chloroprene concentration in certain depart
ments often ranged behn'en 0.2 and 0.8 mg per litre of air. 



The anemia ohserved among the workers, howe\'er. could 
scarcely be the reat cause of their fatigue, nor did it "cr\'e to ~xpla.in 



their other ~~'mptom5, It "·...5 in ian found at late: e~~minatic'ns 



that the symptoms persisted even after the anemia had been 
abolished and that similar symptoms occurred also in the two other 
factories where the workers had no anemia, 



C. Schneider Index. 



111 ,·in. of the cHect of chloroprcne on the Mart, obsen·ed 
in connection with the animal experiments, one of which was a 
decrease of the arterial pressure, it seemed appropriate to den,le 
5p<:ci~1 attention to the state of the organs of circulation among 
the workers. As the symptoins from the thorax, with pain and 
pressure ]ocalizedin the region under the sternum were spt'ciaJly 
marked during exertion. it was thought desirable to make these 
in\'estigations in connection with a working load. 



For practic-al tt3.scms, it "'as found neccssarr in the first place 
to adopt a procedure that could be carried out' on the premises 
without interIering wit11 the work of the employees a1 the factory. 
The author decided therefore. as a preliminary survey to record 
the Schneider index. This test has a limited value and has been re
commended by SCU:-E1DE.R (19.?0) himself chiefly as a supplement to 
a general clinical examination. The possibility of jt,dglng cardio
\'CIscular states of inst1fiiciency wit11 the aid oi this test has been 
discussed e. g. by FElL, PETTI and P...u: (19-\3). It has heen pointed 
IIl1t hy SCOTT, BAZETT and :\L..CKIE (1940) that repeated rt'cord~ of 
the Sclmeioer hHlex fur the same indi\'i(lual 101' a ct'rtain ])('ri{ld 
of time can gi\'e \'aluable information regarding change:.. in hi~ 



capacity for work. Subject to cerUiin rc::.enations in rt'gard to the 
reliahility of the test, it seemed therefore just;fiable to a<1oJlt the 
l11ethod as a supplement to other examinations. )Ierely four 
workers were tested for some length oi time in accOTdance with 1h;s 
method. The author in fact foll(lwed only those worker::. who,;c 
Schneider il1dt.'x lmd been recorded whell they took t1P their pO';l" . 



or before any symptoms oi ill-health had begun to manifest them
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selves. The examinations were repeatedly resumed in the course 
of six months, during which time all the~e workers began to 
'show. marked symptoms of fatigue and thoracic pain. The tests 
were made in each case under as similar conditions as possible. 



Ikfore the ~ting had tjtart~d, the ""01'1«1'5 had been allowed 
to ,.cs! for abfJut half-an-hour. For the proce<iur<: in other I'Cspect~, 



readers are referred to SCH:\EJDER'S directions. which the author 
completely followed. ---: In the subjoined table, the mean values 
of the Schneider index for the four workers are computed for three 
periods, The first period comprises the time pending the mani



; ,	 festation of the symptoms. the second period the time in the course 
of which the symptoms de,'e1oped to their fuJI intensity, and the 
third period the time aft~-ards. 



Table XU. Sc~idcr lDdex. 



(!llean values of S determinations.) 



Case I 1 I IJ , JI] 



A 
B 
C 
1) 



J2.• ± 0 .• 



I4.! ± 0·3 
)5·4 ± 0·3 
J3· 0 :!: C.J 



1:1.0 == o.~ 
15. 0 ± 0·3 



)5·. =0·3 
J3.' ± o.~ 



12·4 :: 0.3 



)4.3 =0·4 
15.8 ± 0·3 
J2.9 ..... 0 . .: 



The figures t1ms obtainecl SllOW that the mean "allies for the 
index during the different periods \'ary \'ery slightly fur the same 
worker, and that there is no significant statistical diiference. Thus, 
it did not seem possible by this procedure t-o obtain any objecti"e 
"iew as to the effect of the work on the employees. 



-, Two of the workers who had been tested in accordance with the 
abo\'e procedure afterwards were send ior examination at the 
Physiological Institute in t"ppsala. '''ith the aid of E:\GHOFf"S baro
spirograph (1939), the Tesp;"atory minnte-,·olun.1c during dosed 
work on the cycle ergometer was determined. '''hen compared with 
the normal "alues obtained uy E~GHOH at examination oi healthy 
persons under similar experimental conditions, no de\'iations from 
the normal could be obsen·ed. 
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11 lJI 



H.o::: 0 .• )2·4 =0.3 
15. 0 ::: 0,3 J4.3 = 0 .• 
l,5 .• ±O.J J5·8 == O.J 



1~.9 _. 0.:13.3 = 0 .• 



:;hu\\' tlJett the mtHll \'allles iur the 
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CHAPTER XV, 



AT THE i'ACI'ORIES. 



A. Distribution of symptoms. 



When the production of synthetic rubber had got 
experimental stage, operations. were started on a mal 
scale at a newl)' built factor)', which employed about 8 
This factor)' was h01l5ed in modern premises, where the i 



in various respects, from the pilot plant had been turned 1 



Jn particular, steps had been taken for improvement (If tl1 
conditions. In "iew of the precautionar)' measures adoptee 
have been expected that the workers in this factor)' would 
less affected than those at the pilot plant. 



This, however, was b)' no means the case when Opel 



this factor)' were first started, Onl), after the lapse of sc 
when the sanitary conditions had been brought into order 
symptoms begin to recede. Thanks to the strict organi. 
the diffe~nt processes of production in dj{te~nt premi 
as the workers v:ere stationed at the same places throUI 
was easy to locate the places in the factory "'here the~- ",ere 
to risks. As pre\-iously mentioned, it was onl)' the wo 



the distillation and polymerization dep:lrtmellts that sho\\ ei 
I toms of ill·health, whereas the state of health in the other 
I 



ments was "ery satisfat"tory. The s)'l11ptoms there were of 1~ 
• character as among the workers at the pilot plant and 1, marked. The incidence of the symptoms is shown by the i> 



tahle ;n nett page. 
Except for the loss of hair, which was most marked in 1 



merization departnlellt. it was especially the workers in t~ 



1ion department that showed symptoms of disease. Tllis dis' 











I 



I 
,'''''f),'':::" ~', ",'i 



.Table xm, Distribution	 or symptoms among the "'orken at one 
or the Cactories. 



! 



\ 



~ 
f 



I
I 



',. 



2 



S ~. m p tom s 



Fatigue (imperment of health) ... , .. "
 
Pressure and pains o\'er the chest ....
 
Palpitation of the hearth ............
 
Giddiness " •• 0'0 eo ••••••• 0"" •••••••• 



IrritabiJih' •. , . , .••.• , •.•.•. , .... , •. ,
 
Dermatitis. , .......... , ..... " .....•
 
Loss of hair ••••••••••••• " •• e ••••••• 



Distillat ion IPoh'mcrizat ion 
department department 



(21 \\'orker~) (17 "'(lrk~~)
I 



19 ca. 9 0 0
,0 I Cl' . 10 0



.0 



19 ca. go O' 
'0 I ca. 10 ~o 



.5 0
•0 C:l. 25 1 ca. 10 0



,0 



3 ca. 15 0 I ca. 10 0
'0
 



6 ca. 30 o·
10
 



'0 
0 
'00 0 



o· o·.5 Co1. 25 ,0 .. ca. 30 '0 



0 0 ° ,0 11 ca. 90 .0 ° 



of the S)"'ptoms is of special interest because the {act that the 
oxidized chloroprene. in accordance with the author's experiments 
on animals. in se"eral respects was pharmacologically more acth'e 
than the polymeric {onlls, except, howenr, for the loss of hair. 



Fig. Ii. - Left: Loss of hair after about two month~' work at the 
pol~'merization rlepartment. 



Right: Tile same worker about se\'en months after the ter
mination of his work at that depanmcnt. 



It should be pointed out that the aboYe table represents the 
situation at a particular examination, If consideration is paid to 
the state of health for a considerable length of time. the percentage 
figures, especially fOT "Catigue" and .. pressure Ol'er the chf'i'ot" in 
the distillation department and the "]oss of hair" in the polyll1eriza
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\'mploms among the worken alone 



( • (~ f 
C a 



( C'( a~ 



( e'cal 
l • ( 
c. ( 



Pohmtrization 
department 
(Il "..orkeT~) 



1 c<,. 10 o·
.0 



01 ca. 10 10 



J ca. JO 0
10 



1 •.0ca. 10 
o·0 0 10 
Goca. 30 I • 



11 ca. 0'
.0 



of 



9° 



I C 
( . 



( C 
( C 



( C 
c· • 
'C 



Ii!:·'v: 



tioll department would be ~till higher. lying \'Cry close I 
prr Ct'nt. 



The state of health at the seconG of the s\'nthetic rubber fal 
dealt with Quile summariJ)', a~, in size and ia)·.out, il c1o~el)' 
011(· lloo\'e d~ribtd. The distribution of di5t'asc fi~mptoms amulli 
was likewise similar. bUl their inC'idt'nce was less, which nt"!' 
10 thE 'bct th&~ 1hi~- lartOl'1', ",..hich ~llrtff! ;t5 m;,.nu{acturi, 
latt'r than the olher, had been provided from the outset ~ 
~ajct)· :Arrangements. It was anI)' in regard to the Joss of h 
{actory sho\\'s the highest incidence. As previously mentioned, 
the workers in the so-called mas~ polymerization departmer 
affected, almost withoul exception, by loss of hair. For techr. 
it was very difficult effecth'eJy to protect the workers against 
I:hloroprene po)ymC'TS, issuing frurn the app~ratus in this depa 
until this process had been superseded by another. more suit. 
nnitary and t~hnical poim of \"iell-, did the falling-off of the 
entireJ)' case. 



The examinations of the workers in ronfom1ity with 
o11tline )'ielded no findings of importance ill this conn~tic 



"iew of the subjectiw symptoms and the obsen'ations 
the experiments on animals, it was considered desirable 
certain special im'estigatic.n", an account of which will 
helow, 



B. Functional tests on the kidneys and the Ii" 



111 "iew of the renal damage obsen'ed in the experiIl 
animals. with distinct impairment of the renal function e\ 
a relatively short eXlJosure to chl0mprene, a renal-ftmcl 
in accordance with RE H BF:RC,'S (19261 creatillin clearance w 
as regards ten of the workers 1110st aiiected. This test is we 
ill field work. as it is easily perlonned and does not occ 
tested subject for any lengtll of time. The test is mainly 
of the glomeruli filtration, hut to ~oll1e extent al;;o of the 
of the tubuli, as creatinjJl is partly excTf:ted through the 
epithelium, (S~I1TH, 193io) The normal \'alue~ for this mel 
stated to be 100-180 ml per mi1l\lte. For practical reasons 
not possible to carry out these tests during strict confirie 
bed. but the workers wen: afforded opportunit)' for rest 
cllmbent position at the establishment while the tests we 
ceeding. Cnder such conditions there seems to ha\'e been 1 
risk of an~' marked changes in the clearance \Oalue becal1s 
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~uf{icient rest. The tests were made in the murning on an empty 
stomach. The samJlling~ and analyses werc made in accordance 
with R~JJlIERG'S <.Iirectio11S, Th(' fig\lre~ fllr the \"alues found ar~ 



, I recorded below: -
) 



Filtration inCase I rnl/min, 



; 



"., 
~ : 



O. H, 
A. M. 
O. G, 
K. E. 
O. H. 
E. S. 
o. A. 
KK 
1. O. 
E. Q. 



of The abo\'e tabulation shows that the clearance values for all the 
tested subjects Jay within llormal limits. 



In experimental ill\'estigatiol1S on animals. \', OETTJXGF.X ill 
some cases found signs of li\"er insufficiency, and the present 
author also in his experiments on animals on a few occasions 
found a positive Schlesinger's TeaC'tion aftn exposure to chloro
prene. Regular control of workers in the chloroprene industry are 
recommended by Y. OETTII"GEX, in "iew of the possible occurrence 
of bile-pigments in the urine. The present author has in no case 
found a positi\"e Schlesinger reaction during the time when the 
workers in the s)'nthetic ri.lhber industry were being subjected to 
health control :\or, wheu li\'(~r-fl1nction tests were made did hc 
obscn'e any objecti\'e sigus of H\"cr damage, Functional tcsb were. 
made a~ TegaTds 20 wOTken, h;''l']luric acid and thymol, rt':'-pt'Cti\"t'ly. 
being \Hoed for the test in )0 of these ca~es, In the fir~t·melltioned 



test 6 g of sodiumbenznatc was supplied per os. The n0T111aT 
excretion of hippuricacid in the co\\rse (If four homs after ad
ministration is stated to be 3 g, with indi\"idual variations IJetwcen 
~..s5 and 3.30 g. For all the men tested the \C\hles In)' within tho:,-e 
limits. The mean value for the )0 workers tested with hippuric acid 
was 3.1.2 g (range ~.;o-3,lS gl. Clinical experience has shown 



H
'S.. that the excretion of hippmic acid is diminished in case~ of hc:pntiti:'. 











, madc ill t hc l110rning on an empty 
analJse~ wcn" :lla<lt ill accordance 



'Ill: figurc:' fllr the ,,:tllt(':' fOllnd are 



~. of Crutiui", C!unnC"t. 



IFiltration i: 
ml.'min, 



; that the clearance' ,·alne,;. for all the 
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's reaction after exposure to chloro
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acid is diminished in ca5e~ of hepatitii'-, 
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cirrhosis and often in li'"er metastases, The test seems to 
reaction even where the damage to the parencbyma is 
moderate, It is not so sensitive, howe\'er, as the thymol test, 
ill this respect seems to' be comparable with the Hangc 
~BRAXn., 1946). 



Thr 10 ,..'orl..ns that had bee1: rested with thYmol had "" 
in the distillation and polymerization departmen'ts for aoou 
)'ears. All of them had at times shown \"ery marked s)"lllpto 
fatigue as well as pain and pressure oyer the thorax. In no 
tbese cases 
for the thYlll



......('re '\-ailles o"er 4 E. obtained. The 
ol test are stated to lie under 6 E. 



nonnal , 



According to a 



C. Basal Metabolism, 



"('rhal communication from the Du Pont 
"'ilmington, Delaware, C.S., a strikingly large number of 
chloroprene workers there are .said to han had a lowered 1 
metabolism ,I According to one of the statistical reports from 
rompany. merel)' two Ollt of 19 workers had shown nonnal "al 
\'iz. 100 7c ± JO. :\5 a mle. howe\'er, the falling tendency 
relath'ely modcrate.	 . 



The present author determined the metabolism in 10 worl 
chiefly e'l1ployeO in the distillation department. This in\"estigat 
was made towards the teml1natlon of the obsen-ation period ()~ 



-I94i), when the sanitary conditions in the factory were sa' 
factor)" and the men, generally speaking, showed "er)" slil 
$ymptoms, For practical reasons, this illyestigation had to 
conducted on the premises. 1t was made in the morning af' 
a fast of about 12 hours. l'na\"oidably, some of the workl 
examined had been exposed beiore the test to some exertion, ha\'i 
had to cycle on their wa,' to the furton'. The determination \\ 
made in the usual wa)" wi~h the aid of <I ''Krogh spirometer. 



The re!'llit of the inYestigatioll is recorded in the: table 



l next page. 
The last \'alue (Xo. 10) in this table may be eliminated frc



(	 discussion here, as it was found that the w~rker in question " 
suffering {yom diabetes mellitus, 'I\'hich 111a)' ~xplain the high B.~f. 



The high figures for Xos. 8 and 9 may be accounted for by the f. 



1 Personal communication I.om Dr. George H. Gehrman. 
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Table XV. Values or BalfJ Metabolism.
 



Case Means of travelling
 
, '" ' I B.!\J.B. % j~o. 



I 



2 



! .. 
.5 
6 
7 
8 
9 



10 



-u 
+	 6 



II+ 
+	 9 
+ 10 
+12 



+ 13 
+ 16 
+	 22 



+ 76 



to	 the workplace 



B)' train 
•
• 
•
•
•
• 



B)' cycle 5 mile~ 
B)' cycle 3 mi1~ 
By train 



that thl'y had cycled	 to the !.artory. The workers representing the 
, 



", ~	 
"alues 2-7 all show plus values, which, howeYer, lie within, OT 



yery near, the upper limit for the nonna1. Only one of the workers 
(:\0. I) had a lowered basal metabolism, with a "alue of - 12. This 
figure thlls lies slightl)' below the lower limit of the normal Yallle, 



•	 - 10, but, when compared with the other values and in "iew of 
the fact that the ~xamination was made under ambulatory condi
tions, this Talue probal)l)' represents a lower B,)tB. than the figure 
indicates. It is noteworthy that this worker was the only one of those 
examined in this respect who still complained of symptoms such as 
bad general condition, d)·spnea. palpitations a~ "-ell a~ ~in and 
pressure o"er the chest. 



These im'estigations haye not ginn an e.."hausti,'e reply toi. the question as to how far the metabolism is affected by chloro
prene: for this purpoSf. further inyestigation seems to be 
necessary, As the workers in the sequel were l11trely quite slightly 
exposed to chloroprene in the factory, it did not seem possible to 
obtain a larger material from there. In connection with proceeding 
experimel1tal in\'estigations on animals in regard to the inter
mediate metabolism of chloroprene in the org.mism, the author 
intends to study this problem also. 



, 
j",	 



D. Mass miniature radiographic examinations r, 
a£ Ule hmgs. 



.~ccording to the above-mentioned American source, the x·ra~· 



examination of the lungs ~howed that a comparatively large numher 
of workers in the chloroprene industT)' had symptoms oj a ]JrlK:ec(l











:.Iuts of Basal M~t.boli,m. 
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re radiographic n:aminations 
1£ 'the hm~, 



mentioned American source, the x-ray 
owed that a comparatively large numher 
'le industry had symptoms of a proceed



ing or former pleuritis. To judge by the ph)'sical routine exami 
tion, it seemed scarcely probable that this was the case at 
factories in Sweden. But, as it did not seem possible to gil'. 
reliable answer to this question without an ,x-ray examination 
mass miniature radiography of an tht "'or1«:rs at one of 1 



iacturies, comprisil1~ 80 c:mployees, ,,-as carried ()ul. It was too 
that 6i of them, roentgenologically, had normal lungs, In 8 ca! 
unilateral or bilateral sinus obliteration was found. In two of t 



workmen minor parenchymatous changes, which have been su 
jected to further examination, were detected. 



As a. basis of comparison, mass miniature radiography of abo1 
400 ....·ork~rs employ~ m othtt cllemical industries at the san 
place was simultaneously carried out The production at the£ 
factories consisted mainly of ammonia and nitric acid. \\'hen th 
records were studied, sinus obliteration was found in a somewha 
larger number of workers than in the rubber industry. OtheTwis' 
the x-ray findings were few and without significance in Ihi 
connection. 



How far the pulmonary symptoms found were to he regarded 
as n'stiges of pleuritis from the time during which the workers 
had been employed in the synthetic rubber industry or in other 
chemical industries has not been closely investigated. In view of the 
low incidence of pleuritis symptoms, such an im'estigation seemed 
to be of little interest, especially as it might be expected that the 
information gh'en by the workers on the subject would be rather 
"ague. E"en with due rescn'ation for the possibility that slight 
p\llmonary changes may have been o\'erlooked in the mass radio
graphy films, these x-ray examinations seem anyhow to have shown 
that the workers ill the Swedish synthetic 'ruLbt"r industT)' had not 
been affected with pleuritis to any greater extent, and at any rate 
not oftener, than in Ole other chemical ind,1stries "'itl, w11k11 com
parison had been made. 



.-\bOUl a year before iliis mass miniature radiography, x-ray 
pictures of tilc lungs and heart has been taken as regards six of 
the workmen in the synthetic rubber industry, These men re
presented a specially selected material. in that al1 of them ",ere 
greatI)- affected with thoracic pains. dyspnea and fatigue. Apart from 
basal pleural adherences in two of these workers. DO ulldcl11btC'd 
pathological findings could he obsen'ed in the lungs. As regards 











I, ~ .,,,,: '" ; ";:-' "", '1Iw-.! ., .',.", .. ' '"1 'lr.,,"'..... .. 



the heart. the x-ray photographs showed that the cardiac volume 
lay within normal limits and that no pathological changes had 



, occurred in the heart contours. 



1:. 1::1ectrocardography in connection with 
hypoumia test. 



As at the pilot plant, the workers at the factory in question 
complained chien)· of fatigue and thoracic symptoms. The intense 
sensations of pain and pressure over the chest which several of the 
workers suffered from had, in some respects, a character res~mbling 



;.



•, 
I. 



angina pectoris. They usually ensued a£ttr~ome exertion. and 
more often in cold than in ,,-aml we-tither. The i~ling of pressure 



" was usually localized in a region extending like a belt O\'er the 
thorax on a le\'el with the heart, whilst the pains were referred to 
the region below the sternum, from the larynx· down to the 
epigastrium. 



.. Though the e.'Xperiments on animals had not shown any disturb
ance of the coronary circulation in connection with exposure to 
chloroprene, it nevertheless seemed desirable to study the workers' 
electrocardiograms in connection with hypoxemia and "work" tests, 
The question as to the superior advantage of the one test or of 
the other for diagnostic pUTJ>0ses seems still to be open. BIORCK 



(1946) considers the hypoxemia test superior to the work electro
cardiogram, but stresses the importance of perfClTlning both tests, 
as they do not completely cover one another. L.'RSE~ (1938) 



' . 
. " prefers the work electrocardiogram to the hypoxemia test; EYASS 



and BOt'R~[ (19.;r) are likewise of the same opinion. 
In the hypoxemia tests, the present author caused the workers 



to breathe a mixture of ]0 per cent ox)'gen and 90 per cent nitrogen 
for zo minutes, The gas mh.."tuTf was mpplied~o the tested Stlbjms 
through a Loven valve while they were resting on a couch. The 
electrocardiograms were taken with an electrocardiograph (Elmquist 
s)'stem), the usual three extremity leads being obtained synchron
(lUs1y. The electrocardiograms were recorded (]) during rest before 



~ . the test began and (2) immediately and (3) ]0 minutes after its 
~ ., 



~ , termination. As previously stated, the workmen's symptoms were 
I particularly marked after the end of the. working day. bm after



wards, gent'rally speaking. suhsided rather rapidly. The men were 
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tated, the workmen's symptoms were 
. end of the working <lay, but .after
:hs.ic1ed rather rapidly. The men were 



therefore a~ked to CODe for tes.ting directly after they had stol 
work. Fifteen of the workers most affected were subjectee 
hypo:xemia tests. With two exceptions. all of them were tmploye 
the distillation department. Tweh'e of the workers examined , 



kt\\ttn t11e ages of 20 and 35 reah, t"'·o of them betw«n 36 and 
and ()n~ 47 ~'~;1r~ old. Generally speaking. tbe tf'~I~ conld be car 
OLlt without any appreciable subjecti\'e sym))to\11:' in the work 
One of tbem complained of pains in the chest, but they were nOI 
marked as to prevent the test being carried to completion. Anal: 
showed' that all of them had normal electrocardiograms dUJ 
rest. nor could an)" pathological change of tIle electrocardiogl 



, .after the hypoxemia test be observed. In connection \\;th some 
t~se tests, «terminations of the oxygen content ill the Arterial hIe 
was made, in order to control the degree of hypoxemia. 



F. Functional test '\\ith I:icycle ergometer.
• 



As ior the "work" electrocardiograms. they were taken 
connection with a load on a cycle ergometer. the oxygen consum 
tion, cardiac rhythm and ventilation being recorded according 
the technique for heart-and-Iung function tests proposed by ,,"AI 



L\"SD (1945), to wllich the author will revert further on. The te 
for each worker was taken on two different occasions, viz. (: 
at the end of a wee1<l)" shift and (2) before a new shift was 1 
begin, pending which the worker had been free from factO! 
wor).; for 48 hours. In tbis way it was pos.sible to make a con 
parison between the worker's condition after a relatively Ion 
exposure, when his symptoms were usually prollounced. and afu 
a time of rest, when the symptoms as a rule had markedly ~u1Jsidec 



It was in fact of interest to ascertaj,l whether there was an 
difierence .at these times oJ observation. p:lTlicl.llarly with respec 
to the said heart-and-lung function test. but also as regards tIl 
.. work" electrocardiograms. In the tests tbne load:' all the erg( 
meter were applied, viz. 600, 900 and 1.200 kg.m. per minute. Eac 
load was continued for 6 minutes and tile transition to ~ highe 
load was made .....ithout an)' inten·al. 



In these tests the author used a c)'cle ergometer provided "it 
a brake-strap. both ends of which were severally fastened to 
spring dynamometer. By tightening the brake-strap, the requir~ 











:	 Ii 



load was read as the difierence uetween the deilections of the two 
spring dynamometers. The rate of work wa~ kept practically 
constant 'by instructing the tested subject to follow the pace set 



i, "
, from a metrbnome. The speed was further controlled by an electric , 



recorder, ,,-hich ttgi~ the numbeT of rCl'olutions on the brakt:
~:	 ' 



strap "'heel The speed of the wheel wa~ ] ~2 r.p.m. at a perii!l1ing 
rate of 54 per minute. 



rI 



I' 
Ten of the fifteen workers pre\'ious]y examined with the hyp



oxemia test were tested also with the above techniql1e. All of them 
were between the ages of 20 and 35 ~·ears. Generally speaki'ng, this 
test caused the men greater trouble than the hypoxemia test. 1n one 



! ' case it had to be interrupted after a few minutes, as the tested 
;, subject "..as unable to continue because of se\'ere pain localized 
I in the region behind the sternum. This occurred after the worker ,.'! ,.	 in question had been exposed to chloroprene for about one week. 



On another occasion, when the same man had been freed from factory 
work for 48 hours. the test could be .carried out without much 



~	 difficulty. Three other workers in the course oi tht: test reported 
pains with a similar localization, hut they were described as "ery 
mild and did not occasion any discontinuance (Ii tht test. 1n all 
cases these symptoms were noted only at examinations made after 



, '. the workers had been exposed to chloroprene at the factory. 
Electrocardiograms were taken (I) before the test, (.2) im



:j mediately after the test, and (3) 10 minutes aiter its tenllination. 
il
'I	 On comparison between the electrocardiograms taken during rest 



and after work it was found that the latter difiered quite slightly 
from the former, and no changes that were certainly pathological 



'\0	 could be obsen·ed. The reduction of the S - T segmenb was 
" il1signiikant. not exCftding .2 111111 in the three leads taken together, 



as regards any of the men examined. It is noteworthy that this was 



, !	 the case al:;o with tJle worker whos!' pain cll1rill{: the lest hall hel'\1 
so intense that it had to be discontinued, 



\\·.o\HLl"~[), in an il1\'estigation on a large 1lI111l!'(:\, (If military 
patients, examined the pulse rate at \'arying loads on a Krogh 
cycle ergometer. He recorded the rate after .2. 4 and 6 minutes 
at loads of 600, <)0:> and 1,.200 l.:g.m. per minute, which bad 
been driven in close succession for 6 minute periods. It was found 
that the difference in the pulse rate between :! and 6 minutes under 
each load did not exceed 10 beats )ler minl1te in per:,ons with healthy 
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ence l.t't\\"l'<:n the deflectiom of the two .' 
e rate of work wa~ kept practicall). 
~ te~ttd subject to follow the pace set· 
'ed was further controlled by an electric 
thf" mnnhl'r of Tf'YohltiCtn~ on 1h(' hrakt
the ,'..h,·{: \,;3,;, 16.: r.p.m. ::: a pedalling 



~r:, prniollsly examined with the h)'p
o with the above technique. All of them 
o and 3~ )·ears. ~nerally speaki'ng. this 
trouble than the hypoxemia test. In one 



ted ailer ~ few minutes, as the tested 
ltinlle ~came of severe pain localized 
~eTl1um. This occurred after the worker 
sed. to chloroprene for abollt one week 
the 53111e man had been freed irom factory 
:::-t could he carried flllt without much 
'ker" in the course oi the test reported 
:ation, but they were described as very 



any di::-continuallce of th(' tt:,t. In all 



noted only at examinations made after 
st'cl to chlon'prelle at the factory. 
. taken «(I before the te"t. (.?, im
d 13' J 0 minutes after its termination. 
e electrocardiograms tak<:n during rest 
HI that the latter differed (jllit(· ~lightJy 



. 'hanges that were certainly patilological 
'edtlction oi the S - T ~egmrnt:;. was 



:1 mm in the three lcad~ takcn together, 
:x3mined. It is noteworthy that this was 



;~r \\'lIo"c pain <I\1Tin~ the t<:~t had 1I('I:n 
. c1i"cOlltillllC'd. 
igatil11l on a I;lrgc Il\lInlll'r oi military 
.se rate at varying loads on a Krogh 
'ded the rate after 2. 4 nnd 6 mitllltes 
i 1,200 kg.m. per mint1te. "'hic'h had 
:;ion for 6 minute periods. It was found 
lise rate between :z and 6 minutes under 
1l('at,:. ]Jer minute in per:;.olls with healthy 
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heart and lUllg!'. In case of a greater difference than JO beats per 
minute, or if the pulse rate 10 minutes after the termination of the 
test exceeded its initial rate by 15 or 1110re beats per minute, this 
was regarded as a token of insufficiency. In about JOO cases this 
tf:!-1 wa~ C'(lmbill~d b)' 'YAJlLt"l'D ""jtlt a t;i11lultaneouf, determination 
of ventilation and oxygen <:ollsumption. r,l;ith ~ \'ie",' to ohtain ~ 



gauge of the functional adaptability of heart and lungs at different 
loads, 



As the cardiac minllte-"olume, according to s.everal investigations 
(:\'E\\'Bl'RCH and MEM'S ]915. BOOTHBY 1915. LJ1IODHARD 1915. 



COLLETT and LILJESTRASD 1924, and others), stands in linear 
relation to the oxygen consumption, an indirect gauge of the fonner 
can be obt'd.;ned b)' T1lea!\tring 1he latm-. In akulating the \'elltila
tion coefficient {or oX~'gen (the ratio between the ventilation and 
the oX~'gen consumption, reckoned in litres per minute) at the three 
different loads. 'VAHLrxD found that the difference between these 
"alurs at the highest and lowest load was insignificant in healthy 
persons, amounting at most to about 9 per cent. A difference of 
over 15 per cent is considered bY.\\'AHLt"sD to he pathological, 
but he points out that due consideration must be paid to the 
absolute value of the ventilation coefficient, which for healthy 
persons, in 'Work of this kind, is less than 22. A figure oyer 24 
would indicate a bad cardio-pulmonary function. 



As pointed out above in connection with' the "work" electro
cardiograms, the author tested 10 workers in accordance with the 
above-indicated techniql1e. The experimental procedure in these 
tests may, in part. be gathered from the statements made in 
connection with the electrocardiograms. A gauge of the ventilation 
wa~ obtained b~' collecting in a Douglas bag the air expired during 
a certain tlme and then measuring it by means of a gas clock. The 
'"f'nt;!atioll was roll1l'ut~ at 'he ~d of each load periud. Samples 
for air analvsis, which was made in a Haldane apparatl1:'. were 
obtained fro~n the expired air in the Douglas hag. As pre"iollsly 
mentioned, each workeT 'was twice tested, viz. (J) after exposure to 
chloroprene during a week's work at the factaT')o and (2) before 
a n~' "'eek~' shift was 10 be rtaTted "'-hen 1~ man had been frtt 
from factory work {or 48 hours. 



The resuh of this in\'cstigation is shown by the following 



tahle: 
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Table XVI. Trlt on bicycle CTiomelcr of work, 
The tests " ..e earried out IJ immediate')' .:\e, tbal tbe ...orke. bad tiDisb.d 



Load I 



Case 
-c 
<I 
£-... III c.. 
~ 



... 
II:., 



=:: 
I 



oM.... 
~ 



... 
II.. 



,,~



i: 
.!-E 
~.8 



,",.11>. 



min 



P. O. G. DIST. W 72 530 
R 64 500 



L. A. DIST. W 68 57° 
R S6 53° 



O. ~. DIS'l. W 
R 



88 
72 



53° 
580 



B. H. JoI. DIST. W 66 {)70 
R 74 .59° 



R. S. G. DIST. \\' 64 .500 
R 62 54° 



B. B. POL. W ,5 520 
R 68 570 



H.O.G.S. POL. \\' 76 560 
R 7° 560 



L. O. POL. \\' 
R 



72 
71 



.54° 
.s80 



E. O. H. POL. W 66 570 
R 86 s-40 



W. F. POL. \\" ,56 560 
R 64 540 



~C 
.f ... -...] 
~~ JSPuis n1e 



~~1IC=.. " ->>'''' 
~ g ~-.. ~ 



"
c 



uoOu 



112 112 126 1•• 618 15·5 
20.0100 104 100 1...~4 



21.01.2194 100 108 27 
1.061C:;l 114 114 '20 19. 0 



108 102 110 r .12 21.0 



93 ~2 



24 
I~J 0¢ 19 li·5 



1.16 15.$84 88 85 23 
86 92 98 1.$ 6 15·$ 



54 92 90 



24 



I. I 8 J6.019 
88 85 20 1.,6 14·$ 



116 118 118 
9° 



0.88If> 18." 
106 lOS J.2$ Ij.o211°4 



~ .. 2'.20J04 104 104 19.023
i J 10 J08 100 18 19.0 



92 98 102 



I." 
J.03 24. 025 



'. : 104 106 106 21.0 



100 96 J08 



1"927 



20 1.11 18.0• t 
I.'," 18.0116 124 128 22 1.2 i 



22 J.1796 92 9 2 19.0'.\
, ! 1.03 18.584 9 2 9 2 19 



Firstly, as regards the difierence between the .2 and 6 minutes 
"alue for the pulse Tate at the different loads, it e.~ceeds in some 
cases 10 beats per minute, but as a rule ql1ite slightly. The difference 
uuring tJle Iirst load should be judged with some '-'lUtion. as the 
2 minutes \'a!ue, at any rate in some cases, is higher than \\'ould 
correspond to the actual work perfonlled. Some (If the workers 
were in fact affected by some nen'ousness at the start, which 
doubtless conduced to acrelerate the pulse rate. Some minus 
dif£ercnces during the first period call probably be explained ;n 
this wa)·. The acceleration of the pulse during the second and 
third load periods seem to be more correct indications of the 
greater dfort. 
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. VI. Tnt on bic)'c1e ergometer of workers: at the deltillacioD and pol)'merization deparlmeDU. 
I I",m.uiattl~· afltr Ihal Ihe "'orkel bod finisbed his' . ,,.'rlo: f"r Ihe sbilt (W), and :j alter Ihal be bad beeo frcc frool "0:10: f"r.f hour~ (RI. 



Load 1 



~...... 
min l'uls rate 



JJ2 Jl2 126 
100 JO.. JOO 



IE
." 
~ 
c 



'"> 



.~ 
l:t. 
c; E 
I:C= 
>''''K C
08 



.~.... 
C ..a:=:;; c- ...-> 
~-u c 



53° 
0500 



tS 
~ .. 



1.16 
1.11 



15·' 
20.0 



570 94 JOO J08 27 J.17 21.0 
530 102 Jl .. n .. 20 J.06 19·0 



530 



05 60 
lOS 102 110 



93 9 2 91) 
2.. 
'9 



1.II 
1.10 



21.0 



J '.3 
6iO S4 88 8S ~3 1.#6 IS., 
59° 86 9 2 9S 24 1.,6 I 5. ~ 



5°0 84 9 2 90 19 1..8 r6.0 
54° 90 SS SS 20 1.36 14' ~ 



5lo 



.570 
116 liS liS 
104 106 JOS 



16 
21 



CI.e e 
I.' , 



18.0 
I i.o 



.560 104 10 4 JO.. 23 1.'0 19.0 
560 lIO 108 100 18 1·9' 19. 0 



54 0 9~ 98 102 25 1.0) 24. 0 
SSo 10.. J06 106 27 1.19 21.0 



570 JOO 96 108 20 J.n 18.0 
0540 Ir6 12.. J28 22 J.: J JS.o 



560 96 9 2 9l 22 I. J 7 19·0 
54° Eo4 9 l 92 19 1.03 1S.5 



Load II' Load III ..I t~c: .....~ .-~l .. .~c:.;:; c: ~I J: .~ c; :1r.,.:. ~ f-= 
~ 



c;:.. ~~ -,&:10.. " cc·_.;Puis rate Puis Tale!i ~'E ~-minmin ~tt:.t::·z ·z t = ~ f->>'''' C .!!. t5 
> 
&i ~~ i~ =..o e '..,) . 08 ~e c -f'C> 



J.6,26 1290 150 150 16: 17.01·95949 J34 14° 14° 33IS·' 74 
120 122 124 16., 1.8.28 1.69 IS.~ 68I J50 125° 132 132 J34 34 



128 126 128 16.,J.89 122O J34 J36 14° 18.01.9 I 6S3 J970 34 
1020 118 120 1,6 6~.1160 128 131 138 2.e930 4 11." 19·'19·' 



2,.0128 Jl8 128 28 146 16 4 162 J.89 881 zSo1·43 3 819·'93° 
2.1 ,1.,6122 124 128 19. 0 56I 35031 150 J56 160 40J7·'1°3° 



J6., 2.2.1.1a 124 128 130 t.&1 050 J04 108 108 1 1..0 30 Ii·'4° 
960 J06 120 lIS 1(i.e>28 I., a J,., 1290 14° 140 J46 2·4 ~ is39 



900 lOS 100 2.0.J J60 12C1 JlS 122 J6.~ 602494 1.'9 17·' 33 
lOS lOS 110 22 1.66 122 124 12613.0 I 340 2·#9 15·C' 693594° 



J6.0 16.0890 12.. 130 140 1.97 J 240 J46 154 156 2.6332 42 74 
I.e J1.47 16.~9~0 Jl4 118 122 25 17·e> 125° 134 14° 140 i23° 



Jl4 122 120 J.ee 21.0980 2.19 801 :.140 136 13~ 14423 19·'45 
1000 102 112 120 1 .... 0 19. 01·90 19.0 1·9736 72125 J4° J4° 3i 



I .• , 21.0 1200 J24 128 J32 82114 114 120 1·97 19.031930 37 
110 II2 116 20.,I.B 1 310 116 122 12S 20.,1.69 So32970 35 



122 128 122 1.,. 2.0 J 16.,25 16.e 1330 138 13.. 140 7697° 33 
100132 13° 136 1.8. 1 j.e>960 1 240 14° J56 J6229 1·.9 19·5 31 



9S0 1,6, 20.0J04 J04 104 18.5 1 :z80 uS 128 12430 2.' J 6445 
108 1.60 IS.o 1 190 124 124 120 1.9029 64970 1°4 1°4 35 1~'" 



'ierence Letween the 2 and 6 minutb 
he different loads, it exceeds in some 
as a lule quite slightly. The diiierence 
be judged with some caution. as the 
in some cases, is higher than wO\lld 



.rk ))erfonned. Some (lj the workers 
·lI1e ner\'ousness at the start. which 
:erate the pl1lse rate. Some rninU5 
period can pl'obaLI)' be explained in 
Jf the pulse during the second and 
be more correct indications o{ the 



To judge by these functional tests, it is noteworthy that the 
perfonnance of the workers after exposure to chloroprene seems 
to ha\'e been fully on n level with their capacit)· before it, though 
the s\1bjecti"e 5)'11pt0I11S during the te~ts were mort' marke<.l 
directly aber the exposure. The nntilation coefficient in no case 
exceeded the figure 24 and. generall) spt'akillg. it was less than 
:2 J. ] n those cases where the \'entilation coefficient showed a rise 
in connection with a largt:r load it was rather insignificant, in no 
case e,,~ing 10 per cent, ~ckoned according to the \'alues at the 
lowest and highest load. With the criteria by which this test is being 
judged. it thus seems that the lung-and-heart function of the 
workers lay within normal limits. 
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Taken into account the result; irOIl1 the expcrimel 
the author in connection with the awye-mentioned 
of work-testing estimated also the oxygen content in tl 
workers. There was no noteworthy diif~renceJ howeyc 
bet\\'tttl the <ktffln;nation~ ohta;nf'd at thf'~(' tW(. OCQ 
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\l1t~ from tht l:'.perililell1s. Oil animals 
h the abo\"('-ll1c'ntiulle(] two occasions 
the oxn;en content in the blood of the 



'ortlly difference, howen'r, to be found 
:It::intd :It thef.c two occadom, 
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CHAPnR X VI. 



DISCUSSION• 



• 
The examination of the workers in the synthetic rubber industry 



in 5w~den ha~ deaTJ)' sho'\\"1\ that th~ mm anployed in special 
departments of the factories were affected with certain symptoms 
of ill-health. Among the workers in the distillation department the 
symptoms were chiefly thoracic pains, fatigue and irritability, among 
those in the polymerization department chiefly loss of hair, The clear 
delimitation of the symptoms to workers employed only in these 
two departments indicated, with a high degree of probability, that 
the)' were attributable to the efiects of chloroprene and its oxidation 
products or polymeric Ionns. as exposure to other substances did 



I not occur there. To ;udge by the occurrence of the symptoms'. f 
among the workers hi rdation to the manufacturing process. it 
seemed also probable that the cause of the loss of hair was to be 
found in the pol)'mers of the chloroprene, whilst the thoracic 
pains as well as the fatigue and irritability were attributable to the 
oxidation products of chloroprene. 



I



.-\s regards the special effect of the polymers oi chloroprem: 
on the hair, it has not been subjected to close ill\'estigation ill 
nmncction with this work. Here it may suffice to point out that, as 
h(:!tlken«l by many indi("ations, the effect of the polymers is not due 
to an external local action on the hair or scalp, but to all efiect 
prohahly occurring fir~t after the re~orptiol1 of pOlymers. Othcr\\'i~~ 



it is difficult to explain that, despite ,'ery effective protection fr.JIll 
the direct action of chloroprene on the hair, loss of hair nC\'enheless 
resulted ,.,-hen the ~eT's Wttc in aiT containing '''poUTS of, polymeric chloroprene. Certain im'estigations by RITTER and 
CARTER that are likely point 01lt a local action of the polymers do 
110t seem to the present author to be (jllite convincing. 
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Considerillg the marked symptoms of fatigue and 
}Jain 2nd pressure over the chest, it seemed smpri 
objective finding~ in the medical examination of the' 
relati"ely speaking, so few. The probable explanation oj 
joCK of rorrelati011 between subjective 5?>'Tnptollls a 
Iindjng~ wa.~ Ulat U\e expo_~lITe to c.hloroprcne in 
as a TtIle was not sufficiently high to cause changes t 



recorded with the technique employed, but quite sum 
manifestation of subjective s)·mptoms. It was onl)" at tl
that injurie's nwmifesting themselves in the fonn of 
anemia were observed. Here, howe"er, the chloropren, 
tion in the air "'as \'erj' high and probably on a leO" 
",!lkh had caused anemia in the experiments on rats. 



Quite special interest attaches to the cause of the thl 
among the workers. They were often ,-cry intense 
regarded as one of the most serious symptoms amonl 
default of posith'e findings from the difierent examinat 
cardiopulmonary system, the cause of these symptoms 
and a discussion of the etiology is bound to il1\"olve.. factors. It seems, however, most probable that we 1111 



either with a pulmonary or a cardiac origin of the pains. It 
for example, .from studies of the symptomatology of 
poisoning 'hat thoracic pains are a very common S~11l1 



such poisoning (for the literature on the subject, the 
referred to CIIASlS, 194-4). These pains are usually locali. 
region below the sternum and may persist long aiter a 
poisoning when other ~Ylllptoms ha"e passed off. In St 



they are as a rule aggravated after bodily exertion, whilst 
slight or non-existent during rest. Phosgene is a g. 
is known to be a specific lung irritant. and cardiac insuif 
only a secondary and later effect. It ha~ thereiore been 4:1 



probable that the thoracic pains in phosgene poironillg 
from the lungs or air passages. 



The nature of the pains in phosgene poisoning is \·er. 
to that found in expoSUTe to chloroprene. As the author 
"iously mentioned, certain paTallels ma,. in fact be on\\-n 
the pathology of p110sgene and chloroprene poisoning a! 
the lungs of animals. There are. howe"er, also marked d 
in this respect. The pulmonary changes in connection wit 
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prel1f are mainl>' se~ondary to a failing heart action with stasis, and 
the dir~cl eHect as a lung irritant is of minor importance. It is in 
fact quite rarely that a person exposed to chloroprene is troubled 
by a cough, whereas this is a common symptom in persons suffering 
from phosgene poisoning. The pulmonary edema after exposure 
to C'hlnroprene is.also much le~!' marked than in phosgene pnic;oninf. 
Jf thus certain fartors indicate a pUlmonary origin of the pains, the 
reasons for refusing to accept such a "iew are, on the other hand, 
probably still more cogent. 



1n several r~spects, there are great r~semblances between the 
pains after exposure to chloroprene and the pains due. to angina 
pectoris, TJ~ location of the former pains is in man)' uses the 
same as that of the pains that ma~' occur in angin:l pectoris. More
over, the occurrence of the pains after bodily exertion and their 
subsidence during rest is characteristic also of angina pectoris. It 
wac. found that the pains occurred more often in cold weather.. .. 
which is )'et another characteristic of angina pectoris. 



The supposition that the origin of these pains is comparable with 
that of the pains caused by angina pectoris is indeed gainsaid by 
the absence of electrocardiographic changes in the examination of the 
workers. It should be pointed out, howe\'er, that these examinations 
were made after the hygienic" improvements at the chloroprene 
factories had proceeded so far that thoracic pains, ,,"ith a few 
exceptions, no longer occurred among the workers. The negative 
result of these examinations, therefore, does not entirely conflict 
with the above supposition. But, in "iew of the symptom picture 
among the chloroprene workers,. in whol11 the sensations of pain 
were usually connected with tachycardia and .dyspnea, 2nd with 
reference to the experiments on animals, which had shown a marked 
effect of chloroprene on the heart, the author considered it at any 
rate more prohable that the origin of the pains w.as cardiovascular 
rather than pulmonary, although it does not seem possible at 
present satisfactorily to explain their mechanism. 
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CHAPTER XVJJ. 



CONTROL OF THE OCCUPATIONAL DISEASE
 
HAZARDS IN THE SYNTHETIC RUBBER
 



INDUSTRY OF SWEDEN.
 



Control of occupational disease hazards requires close cooperation 
between doctors and technicians. The collecti\'e experience from 



•	 their different fields of work is, as a rule, essential for the mainten
ance of satisfactory hygienic conditions of labour. The primary 
measures usually de\'elope on the doctor, whose atttntion is usually 
first drawn to the possibilit)' that the work may be injurious 
to health. Xotuntil the causes of the disease ha\'e been ascertained, 
can really ~{f~ti\'e prot«ti,oe measur~ be taken. The continued 
control of the occupationaJ hazards will be largely a technical prob
lem. This alone, however, never il1\'oh'es an ad~quate guaramee, 
but must be supplemented by a continuous medical control of the 
state of health of the employees. In an excellent work on this 
subject BR"'XDT (J94i) ~\'Tite5: "By pre-employmtnt and routine 



• periodic medical examinations, by supervision of nutritinn. diet	 and 
personal hygiene, and by education, the physician pla~'s an important 
part in the pre\'el1tion of occupational diseases through controlling 



I, 
"	 the worker. Important as these measures may be. it is generally 



agreed that tlley are secondary to 1he: ,onlrol (If 1hl: haz:!tl.1. If 'he 
hazard is severe, control of the worker alone will eithtr not prevent 
occupational i1Jncsses or it will jeupardize compelilin' production. 
If, on the other hand. the exposure is controlled adequately. less



, , frequent periodic medical examinations and less-strict supen'ision 
~ \ 



of diet and personal 11ygiene will be needed." 
Apart from occupational «zema and dermatites. mo~t occupa



tional diseases are caused b~' inhalation of noxious suhstan,e:'o of 
some kind, One of the principal problems of occupational hygiene 
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will therefore be to endeavour to reduce the concentration of noxiollS 
suhstancesin the inspired air to tolerau!e values, This "evaluation 
of. t11e atmospheric health hazards" was in fact regard('d as the 
central problem of occupational h)'giene in the synthetic rubber 
industf)' in S"'eden, ","hen in\estigation had shown that the iII
he.,lth of the workt'r~ wa~ attrihut..'lhlf' In chloroprcne in Ihf' inhalt'rl 
niT. This work, however, met with great difficultie.'i, <:hiefly owing to 
the Inck of any satisfactory method for the determination of chlorn
prene in air, As pre\'iously indicated, the <:hlllrine ion <:ontainec1 in 
chloroprene has but little tendenC)' to reaction and annot he freed 
c\'en when heated with alkali in an aqueolls or alcoholi<: solution, 
Only 0)' the combustion of chloroprene an its chlorine be cOll\'ertetl 
into 8nalyzable form. This fact &en'es as a basis for the method;; 
for the determination of chloroprene in air that ha"e been de\'i;;ed 
hy Russian authors. Owing to their elaborateness, howe\'er. the~t: 



methods were found unsuitable for routinc determinations, It Wd~ 



therefore necessary to test other altematives, In the investigation;; 
taken ~p for this purpose at the laboratories of the s\'Othetic rubLer 
industry in Sweden, attempts were made in the firs; place to apply 
already available methods for the determination of h\'llf()("arh,..n~ 



with a C=C double bond. The procedure that was found to ue most 
suitahle for the purpose was an iodine \'alue method. which is 1.1:!:;,etl 
0/1 the addition of a halogen to the double bond. In "iew oj tht 
slight reaction of the iodine molecule, however, 10 is used instead . 
The latter compound is easily formed in a solution of h in gladal 
aceticacid by the introduction of an equh'alent amount oi Cl~ 



(\\'ij's solution). In regard to this reagent, we kno\\' irom it~ 



principal use, analysis of fatty substances, that thc coll~umpti(,n 



is depcndent on the excess remaining when the unsaturated com
pound has completely reacted. "'hen the colour of the reagent 
changes merely quite slightly during the re4ction, this lllethod <:an 
be used solely in connection with a quantitative determination oj the 
amollnt of halogen <:ollsumed. As the results of the analni;; wcn: 
found to be dependent on the manner in which "'ii's s~.luti(ln is 
produ~, a descripti~n of the way in which it was prepared ior 
use in these tests is gh'en below: 



JJ, g of ~urt j~inr. in puh'!rized fonn \\'!~ diHOh,td in J,ooo ml oi purl' 
rlaelal acetic aCId, WIth heating to So--9:J' C. From \hl' solution 100 ml 
wa~ withdrawn for 1atrr u~r. Qlor:nt:, ha,-in~ 'fiTSt bcbbl~ 'through w:lt~; 
and then through conctntratrd sulphuric acid. wu caun'd to pa;~ throu~h 
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the major part of the iodine solution until the brow: 
to orange, whl"n the M:ppl)' of chlorine was at once d 
treated iodine solution was IlOW added to the maj( 
until a faintlr bruwn colour remained, indicating 11 
of free iodine.. The solution was heated O1t 8D-90: C : 



The solution, which should be kept in a dark-cc 
crOllnd-in aoppn-,1nlfit not k brought into contact ,-itil 
mu~ be perfectl)' dry ~fore use. By diluting this soluti( 
arid. a subblc eOllc·mtt-at;=. - Tttkonnl &eroTdiu 
chloroprene to be determined -, can bt obtained. In t 
the factor)' premises, a o.l·n solution "as used. 



In taking the air samples, a burette for 1,000 ml 
, cock at the top and bottom, was employed. Ail 



under examination was sucked through the bur, 
minutes, whereupon the cocks were closed. Thl!~(, L:ock, 10 tnl of a 0,1 -n Iel solution. prepared in 
described, was supplied under pressure, after w}1i,;; 



".!	 cceded for 15 minutes. Afterwards 10 ml chlorofom 
10 per cent potassiumiodide solution were suppli 
upper cock. After further shaking, the content of 
was introduced quantitativel)" into a flask and titral 
thiosulphate solution. Seeing that I molecule of chlo . : 
know. adds J molecule of let. the amount of chlorop 
sample could be easily reckoned. The sensitivity of tl 
found to be ± 0.05 mg chloroprene per litre of air 
prene con~ntrations that occurred in the factories. } 
centrations its sensitivity is less. 



In this connection it seemed to the author to bt 
interest to compare the least cnncentration of chlor( 
which still can he perreil'ed with the senf-t' of smell , 
centration that in\'oh'es danger to l1ealth. Q11oroprent 
its very characteri~tic smell, seel1l~ to be well suited for 
mination. In computing the threshold value of chlorop 
amounts of the substance were introduced into flasks wi 
of 2 litres. "-hen the chloroprcne had completely e 
number of persons (ten) were asked to inform liS \\'1: 
was still noticeable at falling concentrations of the chi 
order to diminate errors due to self-suggestion. ;'blin( 
were here and there inserted ill the series of chloropreJ1 



t:'nder these experimrntal conditions, it "'as four.



l centrations of O\'er J mg of chloroprene per liter 
distinctl)' perceh'ed by an the tested persons. Concentrat l 
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remained. indicating merel)' a slight excess .~ 
'5 heated ilt 80-90~ C SOT 20 minute.>. .~~. 
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0.5 and ] mg per litre of air were noticeable to most of them 
whereas at amounts of 0.5 mg per litre of air merel\' one or tw~ 
persons perceived the smell. • 



It is noteworthy that stich relati\'ely high concentrations of 
~h1Qrop~ne ,,~~ fCqmf'ed to ~S13n that the dm'attuistic smell of 
dlloroprene shook! k peltti,'Cd. As ShOV,'fl by statellent~ m;,n< 
towards the end of this chapter, howe\·er. the concentration of 
chloroprene that invoh'es danger to health is considerably higher 
than the least concentration perceptible by the sense of smell. 



Before discussing the air analr~s from the diffeTent factOT\' 
premises, an account wil! first be given of the hygienic measur'e 
adopted in the pilot plant, and which had, to be carried out \l'ithout 
the aid of aiT 1lnalrses, 1lS the 1loove-mentioned method for the 
detennination of chloroprene in air had not been elaborated at the 
tim,e when operations were proceeding there, As the process of prod
\Ictlon could not be definith'ely designed from the outset, btlt 
underwent radical changes according as the technical procedure 
was imprO\'ed. the hn-:ienic situation in this plant, and thus also 
the· hazards for the workers, showed frequent changes. This was 
mal1lt'ested, for example, in a relativel), large numlx:r of casell oi 
acute poisODhlg, with ~jddiDess and nausea. These sj'mptoms, how
ever. as a rule rapidl)' subsided_ 



In \;e,,- or 1hc limited space 1t'-aiiable in this factor\' and its 
character as a pilot plant, it did not seem possible. by more' extensi\'e 
technical measures, to reduce the risks for the workers. Onh' 
where the conditions under which the semi-mechanical optratio;s 
were carried an ",-ere manifestly unsanitary, was this defect re
dressed. This was the case especially as regards the storage and 
transportation of chloroprene witl1in the factory premises. for 
~\'hich purposes open "essels were often used. A \'ery risky stage 
In the work \\-as fmmd to be the cleansing of apparatus and pipings. 
They had often to be cleansed from the polymerization products 
of chloroprene, This work was as a rule performed while the 
pipings were still hot, which entailed a marked e\'aporation of 
chloroprene and its polymers into the premises. On computation 
of the chloroprene concentration itl the air close to tllC place where 
such operations were tarried on in one of the larger factories, it 
appeared that it was about -I times higher than the normal concentra, 
tion elsewhere in the premises, In the sequel it was found nt'Cessary 
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to cool the piping and to nntilate it with fresh air before the 
was performed, When this was not possible, the workers 
recommended to wear fresh-air masks, Such masks were 
uhligatar)' also in all work in cOlltainers, in polymerization 
.£lid ~ni1.ar JWaccs, "'here high chloroprene concentrations lnig 
expected. Apart from these Illea~ures, which. thoUKh easily ar 
ed. prO\'ed to be by no means unimportant, no more radical sal 
precautions, for the aoo"e indicated reasons, could be ado 
Occupational prophylaxis in this plant thus came to be \'Cry la 
dependent on the ability of the workers themseh'es to I 



needless exposure, Experience has shown that the education 0 



worker for his own protection is a yer)' important part of occ 
tionaI prophylaxis. 



It was 'found, howe\'er, that it was not sufficient merely to 
the workers 'Hitten instructions Tegarding measures of sa 
or, by notices posted up in the factor)" premises, to draw t 
attention to hazardous stages in the work: personal guidance 
directions also proYed to be necessary. The workers were m 
thoroughl)" acquainted with the manufacturing process and recei 
detailed instructions as to the best way of protecting tllemsel 
from exposure to clIloroprene. In tlle continued supen'ision c 
control required for the purpose. e.xcel1ent work was done 
engineeTs and specially appointed represffitatives of the \\'oru 



The effect of these different measures was notkeahle in SUCCi 



sh'd)' diminishing S)'lllptoms of disease among the men, Ca! 
of acute poisoning - except those which were attributable 
accidents of some kind -, were completely eliminated, _~t the lau 
medical e.'I::lJllimltion of the workers at this plant the author fOUl 



me rei:' a few cases of thoracic complaints. Compared with t 
incidence of disease during the early stages of this mallufactu 
(see Ch. XIV), the impro\'ement was thus ,'ery consideralJle. 



On the other hand, it was f\'ident that the hygienic measur 
adopted could not completely eliminate the disorders by which SOl' 



of the employees were affected. In default of air analyses, llIer~ 



\'fry approxim3th-e estimates of the chloroprene concentrations 
this plant could be made. In vie\\' of the general hygienic conditio 
in the plant and the maTked S)'llptOnlS among the workers, it m 
be presumed that tile chloroprene concentrations, at any r~ 



dming t11e earl,Y stages, exceeded the maximum in other factori. 











I 



-. 
ntilate it with iresh air before the work ,,~, 



,;,~ 



; was not p()~~ilJle, the workers were~,:,; 



5h-air masks, Such masks were made 
, in cOlltailler~, in polymerizatiL.n pots .: 
4;h dlloroprcuc concentrations might be 



;;
" 



measures, which, though easily arrang
l!'o \Iniml'0nant, no more radical sanitary 



indicated reasons, could be adopted. 
1 this plant thus came to be ver)' largely , 
of the workers themseh'es to avoid .~' 



lce has shown that the education of the 
iOIl is a \'er)' important part of occupa



hat it was not suHicient merely to give 
uctions regarding measures of safet)· 
n the factory premises, to draw their 
es in the work: personal guidance and 
)(: necessary. The workers were made 
the manufacturing process and received 
the best way of protecting thcmseh'es 
ene. I n the continued ~upcT\'ision and 
imrpose. excellent work was done by 
JOinted npresentatives of the workers. 
'ent measures 'Was noticeable in succes
IlS of disease among the men. Cases 
:ept those which were attributable to 
.\'(:re completely eliminated. _~t the latest 
workers at this plam the author found 



·)racic complaints. Colllpared with the 
: the earl)" stages of this manufacture 
Illt'nt was thus H'ry considerahle. 
:as ('vident that the hygienic measures 
y eliminate the disurders by which some 
~ted. ln default of air analy~es. merely 
es of tht- chloroprene cOJlcentratiollS in 



view of the general hygienic conditions 
I symptoms among the workers, it ma)' 
loroprene concentrations. at any rate 
:('eded the maximum in other factories. t. 



I
J:, 
• 



This is in fact indicated by the cases of acute poisoning. with 
giddincss and nausea. 



:\t ill\'e~tigations suhseCjuentl)' madel, in which experimental 
:-uhjrds ~\'erc kept for some time in a closed room where chIaro
prene V'a." aJ!o",-rd to ~\~te. giddiness and !Jansa sd in only 
when the chloroprene conce11tratiou amouu1ed to J.5 11lg per litre of 
air. The symptoms manifested themseh'es after about 15 minutes' 
exposure to this concentration when the subjects were at rest, 
seated on chairs j but were alread)' noticeable after 5-10 minutes 
if they pedonlled light P}IJsical work. Such high chloroprene 
concentrations, however, doubtless occurred merely at. some few 
places in the plant and for a comparath'ely short time. As soon as 
the abo\'e-mentioned preautiooary measures bad been adopted, tht 
chloroprene concentrations appear to have been considerably reduced 
both at the said places and within the premises as a whole. 



In planning the larger factories, endeavours were made, in the 
light of the experience from the pilot plant, to make provision for 
hetter Jl)"giel1ic conditions. In several cases special "control rooms" 
were erected, from 'which hazardous processes in the work could 
he controlled. So far as possible, attempts were made to arrange 
the entire process of production within a self-contained system. In 
order to reduce the abo\'e-mentioned risks in the cleansing work, the 
apparatus "'as duplicated at suitable places, so that the ,,"ark 
could be arranged in shifts. In this way, the work could be carried 
on under less risky conditions, whilst the occasional stoppages 
that had pre\'iously occurred were a\·oided. 



As already pointed out, the 5tat~ of health among the workers 
at these newly ~tarted factories, despite all the sanitary improve
ments adopted, was not satisfactory at first. Investigation showed 
{see Ch. X\") that the workers in the distillation and polymerization 
<Jepanment!' were ~xtensiv~ly affected with s~'l1lptoms of di~se. 
All improvement had, however, set in. seeing that no 'symptoms 
ot nCllte poi~oning eyer occurred in these factories. It may therefore 
he presumed that the chloroprene concentration in the inhaled air 
llt'Yt'r amounted at an)' stage in the wOTk. even for a short space 
of time, to 3.5 mg per litre of air. 



The first determinations of chloroprene in the air of the distilla



1 for auisLilDce in thi. in\'estigauoD, the author is indebted to Dr. Johan WergU. 
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tion ilnd polyll1l'rizatioll c1epartlllC.'llts were made in the 
1946. when the aboYe-d('~cribed method of analysis hadI 



I thoroughly tested that it could be applied in practice. 
I 
( It is often difficult to select time ilnd place for the al 



air samples so that tlx "aluell found shall be rep~ 



the risks of exposure in a factory. This presupposes a I 



knowledge of the course of the production cycle and of ., required by different stages in the work. So far as Sl: 
I 



concentrations of noxious substances oc;cur at the place 
that the)' il1\'ol\'e a risk of acute poisoning, the)' should in 
place be Jimited in time and space and, as soon as poss 
completely eliminated. Otherwise, tlJi: risk in\'ol\'ed by 
ronCffJtTation ob\'iousl~' nnnot be jlldgro nntiJ the ~ of e: 



" to it is known; and the high value in itsel.£ should not de 
I the sanitary measnres to he adopted. 
",; In many cases it is only the "weighted 3\'erage atmo 



concentration" that gives a true indication of the exposurt 
concentratic'n is computed in accordance with the formula 



EJTJ -+- E:T2 ";- E3 T3 + ... + E.. T.. 
--T--;--+- T: + T. + ' .. + T.. 



where E represents the concentration for a gh'en substance ,\ , 
,i
'j air at " different operations, and T the time required for cal 
I out the operation in question (BRA~DT). 
I The chloroprene concentrations in the inhaled air, expressI 



Fig. IS below, refer to the places in the polymerization and di 



J tion departments where the workers nlll~t remain during the J1 
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effecth'e improvements of the "entilatioD system. 
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of chloroprene in the .air belore aDd .a.1lf'r 
tnts or the \'entila tion s)'stem. f 
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part of the working-hours, and where the figures may be e.'(pected 
lobe higher than in other parts of the premises. To what extent 
fluctuations of the chloroprene concentrations had occurred within 
the daily e.'i:posure time has not been closely itwestigated in these 
first samplings. The ,-al~s found "~fC, in fact, generally speakinJ;, 
so high that ~\"Cf1 if «rtain reductiom of the chlnTopreJl(, C,(ln



centrations may han occurred, the)' would in any case have 
occasioned improvements in the hygienic conditions. 



As it seemed scarcely possible to make the general yentilation 
more effective within the factories, cndea"ours were made, instead. 
to reduce the amounts of chloroprene concentrated in the air by 
means of local exhaust devices at the places in question, besides 
further concentration of the manufacturing process. 



Renewed air analyses were made from the autumn of 1946, when 
the above-mentioned precautionary measures had been adopted and 
opera3ions had been resumed to their fult extent. The analysis 
expressed in Fig. 18 relate to the period from August J946 to 
September 194i. 



•-\part from some relatin']Y high chloroprene concentrations, the 
cause of which could in general be ascertained, the other figures 
sho....· that the concentrations had been considerably rf'duC'ed, as 
compared with previous analyses. As the high values relate to 
comparativel)' short stages in the work at which moreover fresh
air masks were obligatory. it seems that onI)' the other figures need 
be discussed from a toxic point of view. 



On the basis of experiments on animals, v. OETTI~GF:~ et aJ. 
point out that chloroprene concentrations down to 0.3 mg per 
litre of air may cause toxic injuries in man. According to reports 
from the Du' Pont Company, it was the rule there that the 
inhaled air should not contain a larger amount of chloroprene 
partic1es 'han 0.1 mg })eT litre oi air. Tlx: same figure is given 
by BRA!\DT. To judge by the present Buthor's own inhalation 
experiments on animals, the risk limit sho\lld lie somewhat over 0.2 



mg chloroprene per litre of air. It seems thus reasonable to accept 
a limit value of 0.3 mg chloroprene per litre. This would lmply that 
the c11loroprene concentrations during the first ohsen-ation period 
were thro\1ghoot much too high. The anal),scs from the later 
observation period show. on the other hand. that most of the figures 
lie below tIlls limit and merely a few slightly abo"e it. 
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The improvement in hygiene thus indicated was in fact reflected, 
" as previously pointed out. in a decrease of symptoms of diseaseI,' ,



! .,. 



I' among the employees, At the end of the last obsen-ation period 
the state of health was found to be "ery satisfactory, and the 
author, at a medical e.~natjol1 thtn made, did not note ~ny 
symptoms ¥.orth melltionillg am(l~ tht workers, 
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ne thll~ indicated was ill fact reflccted 
n a decrease of syl11ptul11S of diseas~ 
'lC ~nd of the last obserYation period 
lIld to be "ery satisfactory, and the 
nation tho. made. (lid not Hute alii 
an1l.lng til<.: workers.	 . 
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Summary. 



This i1westigation deals with the following questions: 



1.	 Are there any indications that the work in the synthetic ruLber 
industTy injuTiously'aff«ts the heahh'of the ~l1lployees? 



2.	 "'hat substance" or substances or stages in the process of produc
tion can ~ considered to cause deterioration in health? 
Do experiments on animals with the substance or substances3· 
in question show that they are injurious to the .mimal 
organism? 



4 
4· Is there any correlation betweeil the obseryations from experi



ments on animals and the symptoms found among the workers? 



~. What measures can be taken to reduce the risks of ill-health in 
this industTy? 



1.	 ..J I'e thue all)' il/dicatiol/s that th(' ~i.·orl\ ill the sYI/thetic rultZ'a 
industr), i"juriousl.\· aJJrets the h('alth of t!le (,lIIf'lo)ws! 



a',	 In examination of the workers in this industry, the author found 
( 1) a group who complained mainly of thoracic S)111ptOI1lS, 
fatigue and iTritabilit)·, and (2) another group ","ho had no 
other noteworthy symptoms be)'ond falling ofi of the hair. 



b)	 Thcse symptoms affected only the wOTkers in «rtain departments 
of the factories. The iirst-mentioned symptom picture was found 
only an10ng workers employed in the chlor0])Tcoe distillation 
departmcnt, the la~t-ll1entioned only a.mong workers in the mass 
pt\I~,nerjzatiol1 department, 



2.	 JJ·hat SlIbstGlICC' or sllf,s1ancC's or stagc"s t/l the !'roctSs of f'rodllr
tio" (all be rOTlsidt"Trd to CQlfSC d('t("rioratioll ill IUD/til" 



a)	 A!i the workers in the distillation del)artment were exposed only 
to pur~ or oxidized chloroprtJle and in the polymerization de
pa.rtment to pol)'meric forms of chloroprene, it seemed that in 











all probability the sJmptoms of the workers werc caused by
 
qualities of chloroprene.
 



11 b) It has been shown that phosgene, which is often formed 01
i· .. 
I •. 



! "	 decomposition of chlorinated hydrocarbons. is not produced 
he. .:, chloropre.ue e~'en under \'tt~. ia,-ourahle conditions. 



, I.
I c)	 111 order to obtain a most complete knowledge of the s.ubsta 



in question it was made an investigation into the eHec 
polymerization on the rate of e\'aporation of chloropr 
and the solubility of chloroprel1e in water was determiJ\ ~, 



Ii, 
In this connection the author gh'es a brief resume of
 
chemical constitution of chloroprene and its polymers as ..
 



c, as their chemical and phJsical properties, 'besides a sun'ey of
 
I I ~ 



production of anificial rubber ill accordance with the s)'ntht 
chloroprene process.•1 



It 3. Do c.1'pcrill/rllts 'III animals t('ith tllr subslmlre or sulls/allrrs 
qllrstio11 sho'li.' Ihat tllr)' ore illjllriol/s to the allimal orgmlislJ



• 
a)	 The experimental investigations Oil animals comprised (1 



mortality determinations in long-continued and sllOrter tesb, an 
(2) studies on the effects of chloroprene on the heart, lung: 



:; , 
kidneys. the central net'\·ous s)'stern and the blood. 



-- I 
b) 1n inhalation tests on rats which had been exposed to 1.2 1111 



'1 : of chloroprene per litre of air for 8 hours daily during 5 months 
?l i



· 
, fh'e out of ten of the animals died within the course of 12 



weeks, .....hereas at a concentration of 0,2 mg all the ten rats ·, sun'h'ed the whole exposure period. ,1 
(")	 In studies of the eHew of chloroprene on iwlated rabbit's and 



i:
• frog"s hearts, it was shown that concentrations down to 0,002 ml 



! 



;



;• 
.~ 



i per 1,000 ml of T~Tode's soltlti011 respective 0.01 ml per 1,000 ml 
r: ; ,, '. of Ringer's solution had a distinct depressant effect (In tile heart. 
!~ 



d) 1n inluilation tests on rabhits, .a marked (all oi the anerial 
\: blood pressure ensued. whilst the pressure in the right auricle 



i'
 increased. This effect is explained as a maniiestation of a heart
 
action similar to t11at found in the tests on isolated hearts.
 



j:. Xo changes in the electrocardiograms could be obsen'ed in
 
II connection with these tests.
 



e)	 On the s\lbc'Otaneous injection into rats of oxidized chloroprene 
in doses frol11 0.000125 to 0.008 1111 per gram oi the bo<ly weight. 
the result was an increase of the lung weights, which was found 
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·s of the workers were cau~('d hy those 



.)sgene, which is oflen formed on the
 
·d hydrocarbons, is 110t produced from·
 
'ry fa\'ourahle conditions.
 
'omplete km.wledge of thr suhl'tances
 
an in\'fstigatioli into the cffect of 



ate of evaporation of chloroprene, 
.roprene in water was determined. 
'Ithor gh'es a brief resume 01 the 
'loroprene and its polymers as well 
:al propert1es. besides a survey of the 
'x:r in accoruance with the '!')'nthelic 



. ~.-it'l thr sul'stollrr or s"l'J/(IIIiC's ill· 



injuriolls to thr (mi'l/a! organism! 



·ations on animals comprised (J" 
long-continued and shorter tr$ts, and 
oi chloroprene on the heart, Illngs, 
S sJstCl1l and the blood. 
which had been exposed to J.2 mg 
;r for 8 hours daily during 5 months. 
mals died within the course of J3 
'1tration of 0.2 mg all the ten rats 
e period. 
ch)oroprelle on isolated rahbit's and 
:hat concentrations down to 0.002 ml 
lItion re:'-I'ective o.OJ ml per J.ooo ml 
i"tinct depressant efieet Oil the hean. 
:,jt,;, a marked {all of the arterial 
st the pressure in the right auricle 
lained as a manifestation ()i a heart 
11 the tests on isolated hearts. 
ocardiograms could be ohsen'ed in 



'" into rats of oxidized chloroprene 
)(),,~ 1111 per gram of the body weight, 



the lung weights, which was found 



to be due to hyperemia with puhnonar)' edema. At the highest 
dosage the lung weight in percentage of the body weight 
amounted to J.3. as against normall)' o.i-o.8. ~0 similar 
effect could be o1Jser\'ed in the injection of non-oxidized chloro
prene. 



In inhalation test.c l\'ith oxidized cllloropl'e.llf' :at a concenlra
tion of ca. Ji mg per litre of air (or 5 hours, the lung weight 
amounted to J.6 per cent of the bod)' weight, as against 0.9 
per cent in the control animals. 



£)	 In urea clearance tests on rats, it was noted that after inhalation 
of 5 mg oxidized chloroprene per litre of air for 6 hours. tht 
dearance \'aJue fell to ~bout 50 per cent belOl\' normal. 



g)	 The effect of chloroprene on the central nervous system was 
studied with a modified Knoefel-~lurrell technique_ It was found 
that different qualities of chloroprene differed considerably in 
narcotic effect. It was most marked in the case of oxidized 
chloroprelle. It was also shown that the naTcotic effect 1ncreased 
witl1 the degree of polymerization. 



h) The inhalat10n tests on Tats with a concentration of 1.2 mg 
chloroprene per litre of air for 8 hours daily during the C011r;.c 
of ;; months resulted after some time in the development of a 
secondary anemia, besides a moderate leucoc)'tosis. "'ith a 
concentration of 0.2 mg chloroprene per litre of air, but other
\~ise under the same experimental conditions, no blood changes 
could be observed. 



n It has been shown that the oxygen content of the blood was 
reduced in connection with the exposure to chloroprene, which 
may be attributed to a simultaneously observed decrease in the 
OXyge11 capacity of the blood_ 



k) In inhalation tests on Tats a statistically significant decrease 
in the coagulation time after the ~xpo5ure to dllororrene was 
noted. 



1) In inhalation tests on rats the author noted a statistically 
significant increase in the hematocrit value after the exposure. 



4- Is tlrrre all)' con'dation l'rfu'{'rll tlrr ol)srr~'a/jol/S fro/ll rx/,rri. 



'IIrllfs Oil animals and tllr S)-III/,tOIllS fo""d amollg tlir 'workers' 



a -j	 To gi,-e an answer to this <jue!ition examination of the workers 
was made on repeated occasions in the conrse of the years J944 
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-]947, at first comprising all the men emplo)'ed in the factoric 
but according as the symptoms were found to be limited 
workers in the aforesaid two departments onl)", the examinati( 
was conceutrated mainly on those worKers, These il1Quiril 
comprised (I) a general bodily examination, \2) laboratol 
anal)'se~ 01 the blood and tIrine, and (3) ttrtain special i1 
ycstigations. 



b)	 The bodil)' examinations showed, broadl), speaking, a very satil 
factory state of health among the workers and the few disease 
obsened had as a rule been previousl), known to them an 
could not be attributed to their work in the rubber industr) 



c) The Jaboratory im'estiptions showed, an anemia of secondar: 
type among the workers from one of the factories, where th 



H
,t men had at first been exposed to a particularl~' high concentra 



tion of chloroprene. According as the chloroprene concentratiOJ 
in the air was reduced, this anemia subsided. Otherwise the 



"	 laboratory anal)'ses were negath·e. .. 
d) The special im-estigations were the following: 



.... 
. ,	 



I. Mass miniature radiography of the lungs. 
2.	 In a smaller number or cases x-ra)' examination vI the 



heart a11d detenllinati011 of the cardiac ,"olume. 
3.	 EI~tl"ocaTdiograph)' in cOl1nection ,dth hypoxelllia and lwrk 



tests. 
4. Determination of the Schneider index. 
:" Cardiopulmonary function tests with a cycle ergulll(·ter. 
6.	 Determination or the basal metabobm. 
/',	 Renal Junction tests according to Rehberg's creatinin <:Iear



ance, 



8.	 Determination oi the Ih'er fUIlC'tion with hippuric acid and 
thymol tests. 



)\o11e oi these special im'cstigations ga'"e eridcllce of 1J.1tho
logical changes or disturbances of function that could be 
attributed to the work in the synthetic rubber industry. 



e)	 Thus;n the uwestigations made merely a few ohjeC'Ii\'e findings 
were noted, which seems surprising in "iew of the res\llts from 
the experiments on animals and the mal"J.."ed 



~~ . toms among the workers. 
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.; all the men employt'd in the factories•. 
1115toms were found to be limited t6 
:wo departments only, the examination • 



on those "'orkers, These inquiries 
) bodily examination, ,2) laboratory 
ld urine, and (3) certain spcciai in



~ho\\'ed, broadly speaking, a "fry satis
long the workers and the few diseases 
beC'n previously known to them and 



'0 their work in the ruh1Jer industry. 



,i"l1~ sl10we<1, an anemia of secondary 
fr~,m one of the factories, where the 



posed to a particularly high C'oncentra
.ruing as the chloroprene concentration 
this anemia s\lbsided. Otherwi~e the 
negati\"e. 



were the following: 



.mphy of the lungs. 



.. of cases x-r~IY examination of the 
·n of the cardiac \'olul11e. 
1 c:onncction with hypoxemia ~l11d wurk. 
,:;dll1eiJer in(lcx. 
:tion tests with a cycle c:rg~'1l1l'll'T. 



IJasa1 metaholism. 
Iccording to Rehberg's creatinin clear



Ih'er function with hippllric acid and 



iJ1\'ei:tigations {:3\'C' evidence: of patho
:ubances of function that could be 
the synthetic rubber industry . 



. made merely a few olJjecti\"e fimtings 
surprising in "jew of the resnlts from 
als and the marked su1.>jecti\"e sym}>- !, 



>, 



5. 1I'/1l11 IIIramrrs raIl l'r takrll to rrd"rr thr ris/: of ill-hrallh 
ill tllis i"dllSlry' 



a') Jn considering the precautionary measures to be adopted for 
this vurpose, the principal problem ~lled to be l<' reduce the 
chloroprene concentration in the inhaled air to a tolerable "alllc. 



To judge by t11e toxicity tests on animals, the value that can 
be tolerated by the human organism seems to lie at about 0.3 mg 
of chloroprene per litre of air. 



b)	 The air analyses in respect of the chloroprene concentration 
were made in accordance with a method elaborated at the fartory 
laboratories. 



c)	 \"arious technical measures, such as improYed Yentilation devices. 
self-contained systems of production, separate premises for control 
of thc operations, ha\'e been taken in order to reduce the con
centration of chloroprene within the premises where the work 
was being carried on. The effectivity of these measures has becn 
checked by repeated air anal)·ses. 



" 
FiJIall)'. as a rl's/llt of /hr 'Z.'ario/ls ll:,'girllir ill/tro"{'lIlrllfs in 



IIIr 10(10";($, tllr S)'l11 ttOlllS of dis('Qsr O/llOlla till' ~"ol'1,'rrs IIa.·c 
l'rrll lIllI/osl rO/lltlr1rly al'olis!Jrd. 
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Long-Ternt Testing of Vinylidene Chloride and
 
Chloroprene for'Carcinogenicity in Rats
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Abstract. VinyUdene chloride (VDC) monomer dissolved in olive oil was given orally to female ,BD IV rats 
(150 mglkg b,ody weight) on the 17th day of gestation. Their offspring were treated weekly with 50 mgIk:g 
body weight VDC by stomach tube from the time of weaning for life, span. Liver and meningeal tumours were 
more frequently observed in treated than in untreated animals, but the total number of tumour-bearing animals 
was not signiflCaDtIy different between treated and untreated animals. Chloroprene (CP) monomex: dissolved in 
olive oil was given orally to female BD IV rats (100 mg/kg body weight) on the 17th day of gestation and their 
offspring were treated weekly with SO mglkg body weight by, stomach tube from the time of weaning for life 
span. Total incidence of tumours was similar in treated and untreated animals. The data presented provide 
limited evidence of the carcinogenicity of VDC and no evidence of the carcinogenicity of CP when given by the 
oral route to rats. ' 



Introduction Experimentally, VDC has been shown to have a low 
toxicity in rats [3]. The results of a num~r of long



Vinylidene chloride (VDC), a chemical structurally term carcinogenicity tests have recently become avail
related to vinyl chloride, is widely used in the manu able, either as preliminary communications,or as interim 
facture of plastics, with a world production which prob results of on-going studies [4-6]. The prelin;linary re
ably was in excess of 150,000 t in 1976. In spite of its sults of one study, in which \'DC was given by inhala
)Videspread production and use, relatively few (mostly tion, point to the induction of kidney carcinoma in mice 
inconclusive) studies are available on its'possible acute and to an increased incidence of mammary tumours in . 
and long-term' effects in humans. ODe report on the rats, no carcinogenic' effect was obseIVed when VDC 
long-term effeCts of VDe, involving 138 workers, in was administered by the oral route to rats or hamsters 
dicated no statistically significant effects related to VDC .(4]. An increased incidence of lung, skin and liver cell 
exposure [I] but the number of individuals lost to fol twnours in mice and the induction of haemangiosar
low-up in this study was high and the period of obser comas in both mice and rats was reported in another 
vation relatively short. In 8 preliminary mortality study inhalation study [7]. In addition, VDe has been shown 
on 629 workers from a VDC production and poly to be mutagenic to Salmonella typhimurium [8]. 
merization plant, where exposure to vinyl chloride and . Chloroprene (CP) is used as a chemical intermediate, 
acrylonitrile also occurred, 7 of the 35 deaths reported mainly as the monomer in the manufacture of synthetic 
were from malignant tumours, which was not greater elastomers. World production of this compound in 1977 
than the expected' value. Two bronchial carcinomas is estimated to have been 300,000 t. 
occurred in persons 'aged 35-39 whereas 0.08 were Acute toxic effects in humans exposed to CP were 
expected. However, no information was given on smok reported to be depression of the central nervous system, 
ing habits [2; see also IS]. various lesions of the lung, kidney and liver, hair loss 
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'~~d irritation of skin and eyes [9]. The results of Jong
term studies of workers occupationally exposed to CP 
'are contradictory. In one investigation. in which several 
inadequacies have been recognized (i.e. failure to dis
'tinguish prevalent from incident cases, no adjustment 
for effect of age and sex. no measure of the extent of 
exposure). excesses of lung and skin cancer were re
ported [10, .11]. In ariother study. which also had limi- , 
tations (among which were no data on potentially con
founding variables, incomplete .follow-up and small 
number of persons/years of exposure) no excess rates 
of lung and skin cancer were reported in two cohorts . 
of males engaged in the production of CP [12 i see also 



'15]. Cytogenetic effects on human lymphocytes have 
been reported [13]. 



CP has been tested for carcinogenicity in rats by 
oral, subcutaneous and intratracheal administration and 
in mice by skin application [14]. No carcinogenic effect 
was detected in these studies. However, CP has been 
tound to be mutagenic in S. typhimurium [8]. 



A comprehensive review of the data on VDC and 
CP is available [15]. 



We report here the results of a long-term carcino
genicity test in which VDC and CP were given by the 
oral route to rats. 



Materials and Methods 



Inbred BOIV rats, originally provided by Prof. H. D,uclcny 
(freiburg, FRO), were used in these experiments. The animals were 
kept in Makrolon NUl cages under no~1 laboratory conditions 
and were maintained' on Charles River food pellets until January 
1976 and .then on Aliment Extralabo Biscuits (Pietrement). Water 



was available ad libitum. Samples of feed wen: analysed twice during 
the course of tbe experiments for the presence of nitrosamines (the 
analysis was carried out by Dr. P'ftUswulnn of the 'Ocutsdtcs Krebs
forJChungszentrum " whose collaboration is JI1Itefally ac:knowledged): 
dimetbylnitrosamine and diethylnitrosamine were pn:sent at levels 
of 0.2-0.6 ppb. ' 



VDC (purity 99%, containing 0.03% 4-mcthoxyphenol) obtained 
from Merdc-Sdlllchardt, Darmstadt, FRO, and CP (purity 99%, con
taining 0.8% 1-chlorobutadiene). provided by Oistugil, Le-Pont-de
Claix, France, were dissolved in olive on and administered to the 
animals by stomach tube. The same schedule of treatmeDt was 
chosen for both experiments: lingle oral administration of the chem
ical 10 females on the 17th day of lestation and continuous weekly 
oral treatment of their offspring from time of weaning for life apan. 



24 female BDIV rats were given a single dose of 150 mgIkg 
body weight VDC in olive oil by stomach tube on the 17th day of 
pregnancy. and their progeny (89 males and, 90 females) received 
weekly doses of SO mglkg body weight VDC in 0.3 m1 olive oil. 



17 female BOIV nts were administered a single oral dose of 
100 mglkg body weight CP in olive oil on the 17th day of pregnancy, 
and their progeny (81 males and 64 females) were treated weekiy' 
with 50 mg/kg body weight CP in 0.3 ml olive oil. ' 



Controls for experiments with both VDC and CP were 14 female 
BO IV ratl which received 0.3 mlolive oil on the 17th dily of preg
nancy and their progeny (53 males and 53 females), which were 
given 0.3 ml olive oil weekly for life beginning at weaning. 



All survivon were killed at 120 weeks or when mon'bund. All 
animab were autopsied and major in'temal organs as well as those 
that showed gross"abnormalities Wl:re examined histologically. See
tions were routinely stained with haematoxylin~osin; lpecial ltairis 
were used when neccssary. 



Results 



Vinylidene Chloride 
The single oral LD50 level of VDC for the animals 



used in the experiment was establishecf by giving groups 
of four rats single oral' doses of VDC in olive oil and 



TallIe I. Survival rates of BDIV rats treated with VDC and of controls 



Group Initial 
number 
of animals 



Number of survivors according 10 duration of treatment (weeks) 



10 20 30 40 SO 60 70 80 90 100 110 120 



Females siven VDC 
Progeny treated weekly 
withVDC 



Males 
Females 



Females liveII olive oil 
Progeny treated weekly 
with olive oil 



Males 
Females 



24 



89. 
90 
14 



53 
53 



24 



85 
86 
14 



53 
52 



24 



a5 
B5 
14 



53 
S2 



24 



82 
83 
14 



53 
52 



24 



81 
Bl 
14 



53 
52 



24 



80 
81 
14 



53 
52 



24 



78 
80 
14 



53 
51 



24 



76 
80 
14 



52 
SO 



23 



75 
79 
14 



52 
49 



23 



71 
75 
14 



49 
47 



22 



65 
72 
12 



'44 



40 



19 



54 
61 
11 



41 
34 



14 



41 
56 
11 



27 
26 
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In rats weekly treated with VDC that died up to 
30 weeks after the start of treatment, a pronounced 
congestion of lungs and kidney was detected. Later,at 
up to 80-90 weeks, haemorrhages and multiple lobular 
necrosis of the liver were observed. The animals which 
died after 90 weeks and' some sUrvivors killed at the 
age of 120 weeks, showed degenerative lesions of liver 
parenchymal cells, consisting of large, balloon cells 
with clear cytoplasm, often nodular with a distinct 
border towards normal parenchyma. No excessive stor
age of glycogen was detected by the appropriate histo
chemical method. 



TumOUTS: data on tumour incidence are summarized 
in table II. There were minor differences in the per
centages of tumour-bearing animals among VDC- and 
vehicl~-treated animals, but these were not statistically 
signif'JCant. 



A few tumours were observed ~ong VDC-treated 
males that were not seen in vehicle-treated controls, 



notably, one squamous-eel.l carcinoma of the stomach, 
~me liver cell carcinoma. one seminoma and one rectal 
adenomatous polyp. Meningiomas were also more fre
quent in VDC-treated males than in c:ontrols (6/81 
vs. 1/49)" but the difference was not significant (p = 
0.37). In VDC-treated females, two liver cell calcino-
mas, one liver cell adenoma and one carcinoma and 
one adenoma of the salivary gland were observed, 
which were not seen among controls. Additionally, 
hyperplastic liver nodules were, found in 2/23 females 
given a single VDC administration during pregnancy. 
and 2/81 males and 6/80 females among their progeny: 
no hyperplastic nodules were found in vehicle-treated 
controls. This differen~ was significant (P =0.04). 



Chloroprene 
The oral LDso of chloroprene in adult BDIV rats 



.was determined as 900 mg/kg body weighL Litter sizes 
and pre-weaning mortality were not different in CP
treated animals from those in controls. Survival rates, 
summarized in table III, were similar in both treated 
and c:ontrol groups of animals; and there was no dif
ference in the body weights of CP-treated and c:ontrol 
animals. 



Animals treated weeldy with CP that died within the 
first 23-35 weeks after tlie beginning of the treatment, 
showed severe congestion of lungs and kidneys. In some 
animals autopsied 80-90 weeks after the start of the 
treatment, multiple liver necroses were observed. 



Tumours: data on tumour incidence are given in 
table IV. Although several tumours that were observed 
in males treated weekly with CP were not seen in 
vehicle-treated controls, and althOUgh subcutaneous 



libromas were more numerous in CP-treated males 
than in controls, the total incidencx of tumQuTS was 
similar in CP-treated and control rats. 



Dise:ussion 



The oral administration of VDC to rats did not pro
duce a statistically significant increase in the total num
ber of tumour-bearing animals,althougb an increased 
incidence of tumours at certain sites was ·observed. In 
particular, the incidence of liver tumours was increased 
in rats of both sexes and that of meningiomas in males. 
In addition, hyperplastic nodules of the liver were ob
served in both male and female rats ; these were not 
seen in controls. 



VDC was given to rats at a dose level which did not 
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OCCUPATIONAL EXPOSURES 
ASSOCIATED WITH 
MALE REPRODUCTIVE 
DYSFUNCTION l 



Susan Donn Schrag and Robert L. Dixon 
Office of Health Research, US Environmental Protection Agency. Research Triangle 
Park, North Carolina 27711 



INTRODUCTION 



Dibromochloropropane (DBCP)-induced sterility in male workers who applied 
the nematocide has focused scientific, public, and regulatory attention on the 
potential nontherapeutic chemicals have to affect the human reproductive 
capacity. Questions are increasingly being asked about the effect of industrial 
and environmental chemicals on the relatively poor quality of human semen 
and on what some interpret as a general decline in mean speno counts (1). Over 
the past decade, estimates of declining fertility have abounded. In the United 
States, nearly seven million couples are iDVoluntarily infertile and three million 
couples contai~ at least one partner who is sterile; and in 1976, 25% of all 
married couples with the wife of child-bearing age (15-44 years old) had 
impaired fecundity (2). Even so, the relationships between occupational and 
environmental chemicals and reproductive failure remain poorly defined. 



Occupational chemical exposure may be thought of as a model for many of 
the chemicals that contaminate our environment. Exposure levels are generally' 
higher and more closely monitored in the workplace, and individual exposure 
can be more reliably estimated there. Because health surveillance programs 
.often exist, cause-and~ffect relationships may be establimed more convinc
ingly. Yet many confounding factors complicate this task. Workers are rarely 



IThe US Oovcmment has 1he right to retain a DOIIaClusive royalty-fra: license in and to my 
copyright covering this paper. 



567 











... SCHRAG & DIXON 



:::':'tx~eatoa single agent. Our total environment, including the work environ
.merit, is a multi-chemical world that makes it difficult to single out one 
'rept"odUCtive toxin. Occupational settings provide the potential for both acute 
·and chronic chemical exposure, with their resultant particular effects. This 
~pter focuses ollly on the etTects of chronic exposUl'e. 
. •Chemicals, however, are not the only hazards that might affect human 
reproductive capacity. Physical agents such as altitude (3), temperature, and 
radiation (ionizing and non-ionizing) may also playa role (4). Elevated work
place temperatures might have not only a direct effect on the male gonads, but 
may also increase the absorption oftoxic substances by increasing lung ventila
tion and circulatory rates. Absorption of pesticides increases in high
temperature work environments, perhaps because of the effect ofthe heat itself, 
beCause of the tendency ofworkers to remove protective clothing; or beCause of 
a combination of these two factors. Such potentially synergistic relationships 
between physical and chemical agents in the occupational environment rarely 
.undergo rigorous scientific examination (5). Likewise, personal habits such as. 
smoking(6), consuming alcoholic beverages, taking drugs either therapeutical
ly or recreationaIly, or eating patterns and diet selection are each suspected to a 
greater or lesser degree of being confounding factors. 



In the past, females have most often been the focus ofstudies ofoccupational 
e~posures and reproductive effects, primarily because reproductive endpoints 
can be more easily determined in women than in men. A woman's menstrual 
cycle is established at puberty and continues throughout her reproductive life. 
Estrogens and progestins can be measured, and their effects are reflected in 
cellular changes in female accessory sex organs and in the regularity of the 
menstrual cycle. Women are particularly alert to delayed or missed periods, 
which may indicate spontaneous abortion or pregnancy wastage. Chemical 
agents may also appear in the secretory fluids of the accessory sex organs; 
certain ones are concentrated in breast milk. In many cases, the health ofa child 
and the effects associated with nursing provide sensitive indicators of occupa
tionaltoxicity. 



In contrast, males lack an obvious and easily measurable reproductive cycle, 
· and the primary clinical indicator, semen analysis, offers unsure clues to 
reproductive performance. Because only one sperm is required to fertilize the 



. ovum, it is difficult to establish the probability of a pregnancy based on a 
reduction in the approximately 30 million sperm usually ejaculated (7). Normal 
·mean ~men parameters are 20 million sperm permiUiliterof semen; only about 
60% of the Sperm is motile and about the same proportion is morphologically 
normal (8). Sperm density fluctuates daily in the same individual, and the 
predictability of the other variables has not been evaluated. Sperm density is an 
absolute predictor only when azoospermia is noted. Unless sperm are totally 
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immobile. motility is difficult to quantify. And. although some investigators 
have reported a correlationbetween sperm morphology and chemical exposure. 
the link betWeen changes in morphology and altered fertility has not been 
demonstrated convincingly (9). 



Furthermore. no effC\.'1s on sperm are yet confirmed to be associated with 
birth defects. and there is no male equivalent to nursing, Impotency is an unsure 



'" ,.. endpoint and decreased libido seldom causes a man to see a physician or to 
I report to the factory's clinic. Likewise, with the exception of the sperm 



penetration assay, there are no gocxi laboratoty indicators of human sperm 
functionality [see (10». Because the scientist has fewer reliable clinical end
points for men, the study of male reproductive toxicity is difficult and the 
drawing of conclusions is tenuous. 



However, progress is being made in developing and evaluating tests to better 
identify chemical hazards aIld to estimate human health risks. Wyrobek (II, 
12) has suggested that sperm morphology is a stable semen parameter and a 
reliable predictor of fertility and feels that c~ful longitudinal studies can 
reveal the selected changes in sperm morphology that accompany defined 
chemical exposures. A Y-body test, which scores the frequency of sperm with 
two florescent spots and is thought to represent sperm with two Y
chromosomes due to meiotic nondisjunction, has been used to evaluate human 
sperm; unfortunately. it has no direct counterpart in commonly used laboratory 
animals (13). The interspecies sperm penetration assay has recently been 
validated as a reliable predictor offertility (14), and lack of sperm penetrating 
ability has been associated with chemical exposure (15). Post-testicular events 
such as sperm maturation, capacitation, acrosome reaction, cervical mucus 
penetrability, and fertilizing capacity are only occasionally assessed (16). 
Serum gonadotropins and androgen levels can be monitored, and size and 
weight of the testes can be easily derived. 'It is also possible to biopsy the testis, 
although this clinical procedure is arely performed in investigations of the 
effects of industrial chemicals. . 



" The study ofoccupational reproductive toxicology involves both the biolog
ical and the epidemiological sciences, and as a result the difficulties in design
ing a truly successful study are many (17). Surveillance ofhuman reproductive 
capacity involves both prospective and retrospective studies, but they generally 
lack statistical powet' because oftheunsure endpoints livallable and the general
ly low number of men observed (18, 19). Pregnancy loss and spontaneous 
abortion may alsobe important indicators ofabnormal sperm function and have 



"been included 'in surveillance programs (20. 21). The obvious need for better 
data collection on exposures and reproductive endpoints, as well as for greater 
coordination of these data and their analyses, has been discussed elsewhere 
(22-28). 
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whnea Jaige Dumber and wide variety of therapeutic agents have beenreported 
ro affect ~e reproduC"Jve capacity based on ~boratory and clinical reportS 
(2~), the list of industrial chemicals t.'lought tn affect the humm lI".ale is much 
shorter. BCfause this is an area of increasing scientific interest and importance, _ .~ 't, 



. '"<'Ii various investigators have summarized existing knowledge and have offered .' 



their own lists of about a dozen potentially hannful industrial chemicals each 
" 



(30,'31-33). However, except for length, agreement among these lists is far 
from perfect. 



t 
'I' For some ofthese listed agents the mechanism ofaction is obvious, while for 



others the molecular interactions that account for their toxicity are generally 
unrecognized. Many are cytotoxic and generally toxic, and some also share 
carcinogenic, mutagenic, and/or teratogenic properties. Yet the reproductive 



'·i hazard 9f.greatest concern is probably the chemical that does not share 
mutagenic orcarcmogenic potential. is not generally cytotoxic. acts by disrupt



" , ,ing biological processes unique to the reproductive process. and is subtle in its 
onset. 



.. \ This review focuses on those industrial chemicals thought to affect human 
male reproductive capacity for which published data are available (Table I). 
Reports in the literature that associate industrial chemicals with male reproduc
'tive dysfunction are evaluated, laboratory approaches used in an attempt to 
identify hazards are examined. and the clinical signs indicating infertility are 
noted. 



~ 



Agents with Confirmed Adverse Effects 
For the following agents. whose adverse reproductive effects have been con
firmed. there is a strong scientific concensus regarding a cause-and-effect 
relationship. Either a number of studies have shown toxicity or the effect of the 
chemical is predictable based on its known biological activity. 



CARBON DISULFIDE Catboo disulfide (CS:z) is a solvent used primarily in the 
production of viscose rayon. and chronic exposure is associated with apparent 
DervOUS system toxicity. European studies of the reproductive effects of occu
pational exposure reveal multiple statistically significant effects on endpoints 
of spermatogenesis (34. 35), on levels of serum FSH and LH (35-37), and on 
libido (34-36). These effects have been found to persist in 66% of the woIters 
subject to follow-up examinations (35). However, dose-response relationships 
have Dot been statistically established for any of the parameters. 



In a US study oflow CS2 exposure over considerably shorterperiods of time 
(measured in months rather than years), Meyer (38) failed to demonstrate 
significant differences in semen parameters when exposed men were compared 
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Table 1 Occupational exposures associated with male reproductive dysfunction" 



Agent' with 
-....Bents with confirmed Agents with no observed 



adVerse effects inconclusive effects adverr.e effects 



CarboI., distlfide 



bibromocbJoropropane (DBCP) 



Lead 
On! contraceptives 



Anesthetic glSt:s 
Arsenic 
Benzene 
Boron 
Cadmium 
CarbllI)°1 
Chlordecone 
ChIoroprene 
DNTlDdTDA 
Ethylene dibromide 
Manganese 
Mercury 
Pesticides 
PCP 
Radiation-ionizing 
Radiation-nonionizing 
Solvents 
TCDD (dioxin) 
Vinyl chloride 



Epichlornh)drin 
Glycerine 
p-TBBA 
PBB 
PCB 



"Classification based upon aalysis of cunentIy avai1llblc Uterature. Refer to telU for specific commelll5. 



to controls. Yet Romanian (34,35), Italian (36), and Finnish (37) experiences 
seem to support the inclusion of CS2 OD any list of male reproductive hazards 
because of its multipleeffects. The data also suggest that levels ofoccupational 
exposure should be well controlled. 



DmROMOCHLOROPROPANE Dibromocbloropropane (DBCP) originally was 
registered as a soil fumigant used to control nematodes. In 1979, the Environ
mental Protection Agency (EPA) banned 1he sale, distribution, and movement 
ofDBCP in commerce, two years aftersuspending most end-use products. This 
was the first regulatory action taken by a US agency based on reproductive 
toxicity, and the literature is replete with references. The US Public Health 
Service reported that DBCP is mutagenic md "may rezsonably be anticipated 
to be a human carcinogen" (39). 



Whorton et al (40) were the fll'St to describe the reproductive effects of 
DBCP. They reported azoospermia and oligospermia, as well as increased 
semm levels ofPSH and LH, in 14 of25 meJI working in a pestidde factory. No 
other major abnonnalities were detected, and testosterone levels were nonnal. 
Although exposure levels could oot be quantified, the observed effects 
appeared to be related toduration ofDBCPexposure. In receot years, reports of 
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Jli(~loXicity have been published by mvestigatorslbrougbout Iht 



Cit?~';'}i~" ,':«ilass~'al (49) reported studies of male DBCP applicators and determined 
.' . " . thilfthe effects of the agent are limited to individuals in certain situations, such 



_,~,applicators involvt:d in irrigation set-up work and in the calibration of 
equipInent. Once released from those situations, the sperm counts of these 
fudividuals return to nOlmal. Statistical reanalysis of these data by Kahn & 



. _~()ItOD(50) showed that all applicator groups had reduced sperm counts in a 
dose-related manner and that reversibility was not a certainty. Glass (51) 
responded to these criticisms. 



In studies of Y-chromosome nondisjunction, DBCP-exposed workers had a 
bigheraverage YFF frequency compared to nonexposed individuals (13). An 
agent that increases Y-chromosomal nondisjunction (the frequency of YFF 
,&peniJ)might be anticipated to result in increased pregnancy wastage. 
; 'International efforts have also been directed toward determinmg the reversi
bilitY ofDBCP's effects (52-54). Wheater (55), responding to an inquiry in the 
Journalofthe American Medical Association. rightly suggested that the DBCP 
effect appears reversible and that the more severe and potentially long-lasting 
reproductive effects, such as decreased testicular size. areprobably restricted to 
production workers [see (43-45)] since farm workers and applicators are 
exposed only sporadically to diluted material. 



Effects in chemical workers surveyed in Michigan were consistent with the 
known testicular effects of DBCP and again demonstrated the reversibility of 
the effect over time (47). Whorton & Milby (56) reexamined 21 men with 
DBCP-reduced sperm count after tenninatioo of exposure in 1977. When 
initially examined, 12 of the men were azoospermic and nine were oligosper
mc. Almost all of the oligospermic men improved considentbly. while none of 
the 12 azoospermic men recovered. 



Lipshultz et al (57) reported the gonadotoxic effects ofDBCP on the largest 
group of workers to date. Semen analyses. serum hormonal determinations 
(UI,-FSH. and testosterone), and genital examinations were completed on 228 
workers at two chemical production sites. Their dose-response model sug
gested significant changes in sperm density after more than 100 adjusted bours 
of exposure.! Broadening the focus of DBCP studies, Kharrazai et al (58) 



. looked foreffects on wives of DBCP-exposed field applicators and found an 
.apparent increased risk of spontaneous abortion. although the health of the 
li~}nfants seemed unaffected. 



·AfoUl'·year reassessment of 20 Israeli workers with DBCP-induced testicu
lat·dysfiinction, as well of the outcome of the pregnancies that accompanied 
their recovery process, demonstrated that the reversibility of the gonadotoxic 
effects was related to previous exposure time and was most likely to occur in 
patients with normal FSH levels (54). A delayed toxic effect of DBCP on 
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lead levels, individual blood lead levels were poor predictors of chromosome 
damage. . 



The evidence is convincing that lead affects spennatogenesis, results in 
abnonnal sperm morphology. and is associated with infertility. Lead also 
a~ to have a genotoxic potential. Thus, every effort should be made to 
reduce occupational and environmental lead exposure. 



ORAL-CONIRACEPTIVE FORMULATION Although this review could include 
the occupational hazards associated with a variety of therapeutic agents with 
known reproductive effects, it discusses only a single example because few 
well-designed studies are available. Harrington et al (7~71a) have described 
an investigation in a Puerto Rico factory that formulated oral contraceptives 
usirig .synthetic estrogens and progestins. During a twelve-month period, 25 
(20%) of the· male employees experienced symptoms associated with 
hyperestrogenism. All of the affected males had gynecomastia, and three also 
reported a history of decreased libido or impotence. Elevated plasma ethinyl 
estradiol levels accounted for the effects observed. Hyperestrogenism among 
men, women, and children resulting from the adults' exposure to diethylstilbes
trol (DES) and other estrogens while working in pharmaceutical plants has been 
a worldwide concern [see (70, 72, 73)]. Diaminostilbene, an optical brightener 
structurally similar to DES, has also been implicated as a male reproductive 
toxin. In 1981, the National Institute of Occupational Safety and Health 
(NIOSH) investigated a report of sexual impotence among male workers 
employed in the manufacture of diaminostilbene [see (74)]. This investigation 
indicated that more than one-third of the men in the affected area had a history 
of probable or possible impotency. The toxic effects of the oral contraceptives 
observed are predictable based on the pharmacological actions of the drugs 
involved. 



Agents with Inconclusive Effects 
The following agents are those whose reproductive effects are inconclusive. 
Oinical studies of them have been performed or case studies reported, but the 
data lack the strength necessary to be convincing. Often their effects are 
chromosomal aberrations whose ultimate effect on male reproduction is un
clear. The literature reviewed does not conclusively support the effects sug
gested in textbooks and reviews that may list a particular substance as harmful. 



ANESTIIETlC GASES A 1967 report from Russia was one of the first' to 
register concern about human health risks associated with the operating room 
environment. Vaisman [see (75)] noted a wide range of health complaints, 
including such adverse pregnancy outcomes as spontaneous abortion, prema
ture delivery, and congenital malformations, among 21 of31 reported pregnan
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''-,tb~~hers were very careful to point out that because of very large 
hKliVidual variationS and the fact that, the correlation between the frequency of 



. .' au aberrations and arsenic exposure was not very good, it is nearly impossible 
to eoncludethat arsenic damagesDNA structure. Arsenic appears to inhibit the 



. rePafr:of DNA damaged by the synergism of arsenic and smoking and/or by 
other agents such as lead and selenium. Arsenic is a known human carcinogen, 
but its effect, if any', on male reproduction remains unclear. 



BENZENE Reports published in the early 19708 supported the concern that 
exposure to high concentrations of benzene used as a solvent can cause 
chromosomal aberrations in male workers [see (92)]. A 1980review ofoccupa
tional benzene exposure reported that the results of tests showing weak toxic 
effects on the reproductive organs of male animals nave prompted additional 
researc~ supported by the American Petroleum Institute and the Chemical 
Manufacturers Association (93). The results of those studies are not yet 
a'vailable. 



BORON In the mid-1970s, Soviet scientists reported infertility associated 
with oligospermia and decreased libido among men working in factories in 
which boric acid is produced and among those living in communities where 
boron concentrations in artesian well water are high [see (94)]. In the US, much 
less concern surrounds the possible health hazards associated with boron 
compounds because laboratory tests suggest that inorganic boron compounds 
are not highly toxic (95). 



CADMIUM Despite the fact that the effects ofcadmium on male reproduction
 
have been studied throughout the world for two decades, the results are
 
inconclusive and even confusing [see (96)]. Epidemiological and case study
 
data suggest an association between the occupational inhalation of cadmium
 
dusts and fumes and prostate cancer [see (97)]. Autopsy reports indicate no
 
spermatids or sperm in the testes of a small group of men engaged in the
 



. m8nufaeture of copper-cadmium alloy (98). There is one self-report of impo

tence in an alkaline storage battery worker (99), but no significant differences
 
in urinary excretion of steroids were observed among the total of ten battery
 
wolkerscompared with a control group of lead-exposed workers. In addition,
 



, chromosomal aberrations have been associated with workers manufacturing 
cadinium pigments (l(0). 



Cadmium is used in electroplating, in plastics manufacturing. in battery 
production, and in paint mixing. The Occupational Safety and Health Adminis
tI1ation (OSHA) has estimated that 360,000 workers are exposed ClIlnntJy, and 
this Dumber is expected to increase. Better scientific surveillance of cadmium 
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. cIn.oROPRENE Chloroprene is a pungent, colorless liquid used in the manu
. facture of synthetic rubber. Although it has been reported to affect male 



reproductive capacity (107-110), all reports quote the same obscure original 
Russian study (111). In summar:zing that study, Sanotskii (109) writes, "Ex
aminations ofchloroprene workers revealed functional disturbances in spenna
togenesis after six to ten years ofwork in chlorOprene production, and morpho
logical. disturbances after 11 years or more. The questionnaire showed that 
caSes of·spontaneous abortion in the wives of chloroprene workers occurred 
more than three.times as frequently as in the control group."Because of the 
inadequacy of the data, it is impossible to draw reliable conclusions regarding 
the male reproductive toxicity of chloroprene. 



DINrrROTOLUENE AND TOLUENE DIAMINE A 1980 preliminary survey by 
NIOSRof the .olin Corporation plant in Kentucky detailed reduced spenn 
.~nts and higher miscarriage rates among 21 workers exposed to dinitrotol
uene (DNT) and toluene diamine (TDA) (112). Olin disputed the report (113) 
and commissioned another. Subsequently, Hamill et al (114) found no differ
ences between the 84 men in the exposed group and the 119 nonexposed 
workers in measures ofspenn count, spenn morphology, FSH levels, testicular 
volume, reproductive histories, and urogenital function. These results, from 
Olin's Louisiana plant, differ considerably from those reported in Kentucky; 
thus, DNT and 'fDA should remain on the list of agents with inconclusive 
effects on male reproduction. 



ETHYLENE DmROMIDE The use of ethylene dibromide (EDB) as a fumigant 
recently has received widespread public attention, even though its major, . ~ 
although declining, use is with lead as an anti-knock compound in leaded 
gasoline. Wong et al (115) assessed the reproductive perfonnance of male 
workers in four plants exposed to IDB and in one pJant found a statistically 
significant, non-dose related decrease in the expected number ofchildren born 
to workers' wives. These investigators properly point out the drawbacks 
associated with their use of natiooal fertility tables. A randomly chosen, 
in-plant control !fOup would have been a more representative population; 
testing of such a group would be more likely to detect a decrease in fertility. 
Semen analysis of44 occupationally exposed men in Florida, New Jersey, and 
Te~as found no significant differences between the sperm counts of these men 
mo two large statistical comparison pl)ups (116). Ter Haar (117) concludes 
that neither spenn counts (116, 117) nor the incidence of live births among the 



. workers' wives (liS) indicates decreased fertility among exposed males. The 
data are meager, however, and the small number of workers with potential 
exposure (onIy·about 1,000 worldwide) (117) is insufficient to draw finn 
conclusions about the reproductive toxicity of EDB. 



---------------._
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'receiviDghoImone tberapy. A recent report cites no differences in the total 
number ofprtgnancies, sex ratios, spontaneous abortions, and birth defects in a 
sample of,314 agricultural pilots and 178 sibling families (125). Obviously, 
much more research is needed in this area before any conclusions about the 
reproductive'consequences of pesticide accumulation can be detennined. 



PENTACHLOROPHENOL Pentachlorophenol (PCP), a widely used wood pre
servative~bas been found in the semen of exposed workers [see (126)], and a 
significa4IY increased incidence ofchromosomal aberrations in their peripher



, allymph~ytes has been documented (127). Although reproductive dysfunc
tion has qot been reported, these findings suggest a higher priority for future 
investigations of this cbemical. ' 



I di' 'zed cyto OXIC and 
'cinogenic!effects, and careful attempts have been made to establish,clinical and 



occupatic:f.al exposure levels that provide an adequate margin of safety. 
Howeveri in recent years, exposure levels once thought to be safe have been 
question~. The effects of ionizing radiation on male reproduction are much 
easier to '~rediet than is the threshold for such effects. The clinical effects of 
ionizing RKIiation on the testes and other male reproductive endpoints have 
been well studied (128-130). The effects of chronic occupational exposure 
include significant decreases in serum gonadotropins (131) and significant 
changes in semen parameters (132). The effects of ionizing radiation on 
spermatogenesis are usually reversible and recovery of fertility bas been 
observed within a few years (13l-135). 



RADlAnqN;J IONIZING onlZlDg" ra ation has reeogm t' car-



RADIATION: NONIONIZING In contrast to ionizing radiation, the biological 
effects of microwaves are much less apparent. Yet, the level of human expo
sure continues to increase annually, as does scientific and regulatory concern. 
The most obvious effects of nonionizing radiation observed in laboratory 
studies are those associated with thermal effects. Analyzing the human risk 
associated twith nontherrnaI effects is of greater priority but is also more 
difficuh.1J1e 1975 report of a group of 31 men who experienced decreased 
libido and~ecreased semen parameters after long-tenn occupational exposure 
to microw~esfroman unspecified source appears.to be one of the only studies 
available ,of this subject (136). 



, . 
SOLVENTS (HYDROCARBONS AND GLYCOL EnIERS) A provocative study 
of the possible role of the father's occupation in the risk of malignant diseases 
among his llffspring found a significant excess of fathers employed in hydro
carbon-relaled occupations in a group of 386 Quebec children who died before 
the age of five (137). One possibility suggested to explain this effect is a direct 
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men published. Thus, the effects of paternal exposure to TCDD on reproduc
.. live function and the incidence of spontaneous abortions or stillbirths are 
unresolved, as is the more general question of the possibility that paternal 
exposure to chemicals can account for congenital abnonnalities. 



VINYL cm..oRIDE Vinyl chloride monomer (VCM), used in the manufacture 
or polymerization of polyvinylchloride (PVC), is a known 11.Jman carcinogen 
that bas been associated with an increased incidence of angiosarcoma, a rare 
liver tumor. Beginning in 1975, there were reports of increa'lf'.d incidences of 
chromosomal aberrations among small numbers ofPVC manufacturers [see (4, 
145. 146)]. As research in this area expanded, larger numbers ofPVC workers 
were examined; and increased chromosomal abnormalities were related to the 
duration and extent of exposure (147). 



Follow-up studies of workers who reduced their exposure showed concom
itant decreases' in chromosomal abnormalities (148, 149), and a Czech study 
(1S0) detected no chromosomal aberrations among men working in an environ
ment where the VCM maximum allowable concentration (MAC) was 1 ppm. 
Comparisons of measurements ofconventional chromosomal abberations with 
sister-chromatid exchanges demonstrated the former to be more sensitive in 
detecting changes (151, 152). However, differences among the various studies 
cited in the composition of the populations under study make direct compari
sons difficult. Hatcb et al (153) have proposed study guidelines that might solve 
some ofthe difficulties in drawing conclusions from inadequate study designs. 



Wives of VCM-exposed workers have been reported to have a significant 
excess of fetal loss (154-157). However, these results must be assessed against 
the weakness inherent in iriterviews with fathers (157). 



Among the symptoms experienced by men exposed to VCM in the work
place, impotence and loss of libido have been reported [see (30)]. However, 
there have been no reports ofinfertile men, and the troe impact ofchromosomal 
aberrations on male fertility cannot be assessed. 



Agents With No Observed Adverse Effects 
This category, agents with no observed adverse reproductive: effects, is re
served for chemicals sometimes mentioned as affecting humal'\ male reproduc
tion about which there are little or no published data. Also included in this 
category are chemicals that have been studied and that fail to show a toxic 
effect. 



EPICJU..OROHYDRlN Epicblorohydrin (EOI) is a colorless liquid used in the 
manufacture of insecticides and many other products. It is an alkylating agent 
and is a suspected human carcinogen. Milby et al. (lS8) have reported the 
results of an industry-supported study of the speno counts of men from two 
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. ECH. production plants in which 110 significant differences among any of the 
groups were found, even after a variety of analyses. However, this study does 
not'illow firm conclusions about ECH's toxic potential because the control 
group of"chemical plant wpdrers unexposed to any agents known to be toxic to 
the tesres" was inadequate at best, its participation rates were low, it did not 
examine such confounding factors as age or smoking, and, although it con
ducted a mec!ical history and physical examination of "each of the partici
pants," the only data analyzed were number of years worked and sperm 
'density. 



GLYCERINE The manufacture of glycerine may result in exposure to allyl 
chloride, epichlorohydrin (see above), and 1,3-dichloropropene, agents that 
are structurally similar to DBCP (see above). This· similarity to DBCP has 
prompted a fertility study of male manufactu~rs of glycerine (159). No 
statis~cally significant differences were demonstrated among the exposed and 
the Control groups when serum gonadotropins, semen variables, and testicle 



. s~ were analyzed. Thus, it appears that the manufacture ofglycerine poses no 
obvious threat to male reproductive capacity. 



PARA-TERTIARY BUTYL BENZOIC ACID Para-tertiary butyl benzoic acid 
(p-TBBA) is an organic acid used in cutting oil and in paint that has adverse 
testicular effects in animals. Prompted by the results of animal studies, Whor
ton et al (160) studied the testicular function of 90 men occupationally exposed 
to p-TBBA, They concluded that the levels ofp-TBBA exposure experienced 
at the selected chemical plant had no apparent clinical or epidemiological effect 
on sperm count, gonadotropin level, and fathering children. The design used in 
this study is based on studies of DBCP and serves as a prototype for similar 
investigations. 



POLYBROMINATED BIPHENYLS Polybrominated biphenyls (PBBs) are used 
as fire retardants in plastics. In 1973-1974, their accidental mixture with catde 
feed in Michigan attracted a great deal of public attention because their 
presencic: later was detected both in breast milk and in blood serum. Yet 
Roseman d at (161) reported no effect on spennatogenesis among 52 PBB
exposed men who were studied four years after exposure, and no correlations 
were obseried between serum PBB levels and spenndensity or serum testoster
one levels. However, because these studies were undertaken some time after 
the accident, it is not clear wbetber the lack of an apparent effect reflects 
recovery. 



Interestingly, large surveys of the affected fanners and their customers have 
shown no relationship between serum PBB levels and the number ofsubjective 
symptoms reported (162). Stross (163) has concluded, "Present evidence 
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suggests that people exposed to PBBhave few objective fmdings at this time, 
and reactive depressior. me.y be responsible for the high prevalence ofconstitu
tional symptoms." 



PQLYCHLORINATED BIPHENYLS Polychlorinated biphenyls (PCBs) have 
been broadly used in cm:bonless carbon paper, paints, and as fluids in capaci
tors and transformers. Because of their extensive use and their capacity to be 
stored in fat, PCBs are widely found in fish, birds, and animals, including 
humans. An accidental contamination of rice oil with PCBs and other impuri
ties in 1968 was responsible for a variety ofprimarily skin ailments in Japanese 
men and women and their offspring. Its persistence in breast milk has been the 
foc,lIs of many studies, but the male reproductive effects of PCBs are virtually 
unexamined. . ' 
'" An extensive study of the health of 326 PCB-expOSed US capacitor
manufacturing workers included the measurement of sex hormones and ex· 
plored reproductive histories using a family history questionnaire (164). No 
abnormal values were reported; in fact, Fischbein et al (164) were surprised by 
the ..striking paucity" of physical abnormalities other than frequent skin prob· 
lems. However, semen analyses of the 168 males in the study were not 
performed, so definite concJusions about the reproductive effects of PCBs 
cannot be,drawn. " 



Male-Mediated Reproductive Effects 
The results of studies of men occupationally exposed to anesthetic gases and 
hydrocarbons have prompted many questions regarding the effect of such 
exposure on conception and the morphology and physiological functioning of 
offspring. Soyka et al (165) have reviewed this area, and the research of others 
poin1s out the difficulty of determining effects. Followmg a comprehensive 
study of the pregnancy experiences of the wives of 764 workers in a Swedish 
copper smelter, Beckman & Nordstrom (166) reported no difference in the 
number of congenital malformations in offspring but noted a significantly 
increased rate of fetal death. They believe their results are consistent with the 
hypothesis that chemical exposure of males resulting ingenetic damage will be 
reflecled in an increased. rate of fetal loss as the result of dominant lethal 
mutations. 



Hemminki et at (167) recently analyzed spontaneous abortions in an indus
trializedFinnish communityaccording to the occupation and workplace ofboth 
the woman and her husband. The abortion incidence among wives employed in 
a single factmy whose husbands worked at a large metallurgical factory was 
more dian three times higher than among women whose husbands worked 
elsewhere. 



Some scientists have suggested that a seminal defect in the husband may be a 
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cause ofabortion (168). However, in a retrospective study of534 pregnancies, 
'Homonnai et al (169) found that the'sperm quality of the men whose wives were, 
repeated or habitual aborters was better than in the control group and found no , 
evidence in routine semen analysis that spenn quality was predictive of abor- ' 
tions. These investigators conclude that the cause of the abortions seems to be 
either a female factor or chromosomal aberration. Kline and coworkers (170) 
bave commented on the power of environmental monitoring of spontaneous 
abortions and have suggested an important role for such studies in defining 
reproductive hazards to both men and women. 



Fabro (171) has recently summarized paternally induced adverse effects on 
pregnancy and has discussed the potential mechanisms of these effects. 



PRIORITIES FOR THE FUTURE 



Too little effort has been directed toward using semen as an indicator of 
chemical exposure and toward using sperm as a biological indicator ofchemi
cal effects. In addition, as a route of exposure, chemicals in semen might have 
significant effects on sperm motility and function or might act directly or 
inc:lirectly on the uterus and accessory sex organs to affect fertilization or 
implantation. Mann (172) bas reviewed the literature on the appearance of 
chemicals in semen, but greatly increased efforts should be undertaken to 
assess their presence and to document altered biological indicators such as 
sperm parameters or semen biochemical marl<:ers. 



The structures and !be biological activities of chemicals with either con
fmned or suspected adverse effects on male reproduction rnnge broadly, 
making it difficult to establish priorities for future human studies. Nonetheless, 
a few warning flags are too obvious to ignore. They indicate that future research 
should focus on: (0) chemicals that are reactive and capable of covalent 
interactions in biological systems; these chemicals often are cytotoxic and 
affect spennatogenesis as well; (b) chemicals defined as mutagens and/or 
carcinogens in short-term laboratory tests; (c) chemicals demonstrated to cause 
aneuploidy or other chromosomal aberrations; (d) chemicals that affect spenn 
motility in vitro or are positive in other short-arn reproductive screening tests; 



l
I



, 



(e) cbemicals that share hormonal activit; 01" affect homJone action; and if) 
chemicals that act directly or indirectly to 8ffect the hypothalamo-pituitary
gonadal axis. 



'CONCLUSION 



Relatively unreliable laboratory tests, clinical endpoints, monitors ofexposure, 
indicators of biological effects, and epidemiologic:al studies each have contrib
uted to the difficulties researchers are experiencing in their attempts to defme 











586 SCHRAG &; DIXON 



'.	 . 



the role of occupational and environmental chemicals in the etiology of male 
reproductive dysfunction. An in~ effort should be undertaken to develop 
coordinated research to improve our ability to identify reproductive hazards in 
the laboratOI)', to detezt reproductive dysfunction in expo~ed populations, to 
establish causal relationships, and to assess human risk. The current state ofthe 
scientific literature in this area documents the need for such a comprehensive 
effort. 
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oil. All attempts at crystallization failed even though the material 
appeared homogeneous by vpc and showed the expected spectro- 
scopic properties. In contrast to  the other olefins synthesized, 
this material was especially prone to  thermal and base-catalyzed 
rearrangement. The homogeneous clear oil showed: exact mass, 
232.1219 observed us. 232.1251 calculated; ir (neat) 3.27 (m), 
6.23 (m), 6.69 (m), 6.91 (m), 9.18 (m), 9.28 (m), 9.38 (m). 9.67 (m), 
11.80 (m), 12.20 (m), 12.60 (m), 13.20 (s), 13.80 (s), 14.35 (s) p ;  
nmr (CCI,) 7 2.82 (10 H, mult), 3.82 (1 H ,  mult), 4.38 ( 1  H, quartet), 
5.45 (1 H, mult), 8.00 (1 H, mult), 8.92 ( 1  H, quartet, J = 4, 8 Hz), 
9.40 (1 H, triplet, J = 4 Hz). 



Direct Irradiation of 5,5-Diphenylcyclohexadiene (7). A de- 
gassed stirred solution of 0.40 g of 5,5-diphenylcyclohexadiene in 
75 ml of cyclohexane was- irradiated for 9 hr through quartz with 
a bank of 16 RPR 2537-A lamps (New England Ultraviolet Co.). 
The vpc (5 ft X 1/8 in., 5 SE-30 on Aeroport 30) indicated greater 
than 97 % conversion of starting material and the formation of one 
major product in greater than 80z yield as determined by vpc 
integration. Isolation of the product by chromatography on 
neutral alumina yielded a colorless oil which readily polymerized 
on standing at room temperature. The nmr showed r 2.77 (s, 
10 H), 2.83-3.33 (mult partly obscured by aromatic absorption, 
2 H), 3.83-4.16 (mult, 2 H), and 4.48-5.00 (mult, 2 H).34 
In a second experiment, 0.40 g of 5.5-diphenyl-l,3-~yclohexadiene 



in 75 ml of cyclohexane was irradiated identically as described 
above. The crude photolysis mixture was then hydrogenated using 
0.10 g of platinum oxide as catalyst (36 psi at room temperature for 
21 hr). The yield of 1,l-diphenylhexane by vpc was 82%. The 
vpc-purified material showed an identical retention time and ir 
and nmr spectra with authentic material.35 



Quantum Yield for Disappearance of 7 at 2537 A. The quantum 
yield for diene disappearance was measured by irradiating 10 ml 
of about 1.7 X M 7 in purified cyclohexane in quartz test 



(34) Our material shows an nmr spectrum identical with the material 
reported by Zimmerman and Epling.'b 



(35) The authentic sample was synthesized by the reaction of 2 equiv 
of phenylmagnesium bromide with methyl hexanoate followed by de- 
hydration of the resulting tertiary alcohol with a trace of p-toluene- 
sulfonic acid in benzene. The resulting olefin was then hydrogenated 
with platinum oxide catalyst to the known 1,l-diphenylhexane. 
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tubes using four RPR 2537-A lamps in a merry-go-round apparatus. 
The solution was purged with purified nitrogen prior to irradiation 
and the sample was sealed. Potassium ferrioxalatese actinometry 
gave light intensities on the order of 6.5 X 10-3 mE/(min)(lO cm3). 
The solution was analyzed by flame ionization vpc (12 ft X in. 
column, 5 %  Carbowax 20M on 60-80 mesh Chromosorb G at 180") 
using 2-acetonaphthone as standard. For good precision it was 
necessary to  calibrate the instrument immediately prior to  analysis 
with known mixtures of diene 7 and 2-acetonaphthone. The 
results of these studies are given in Table I. 



Quantum Yields for Sensitized Reactions of 7. The quantum 
yields for the sensitized reactions of 7 were conducted with 350-nm 
light from a Bausch and Lomb high intensity grating monochro- 
mator (front and back slits at 5.0 mm). The cylindrical photolysis 
cell contained two identical compartments, each 4.5 cm in diameter 
with a 5-cm optical path. The cell was constructed from 4.5-cm 
Pyrex tubing and had optical quartz faces and a quartz spacer 
which separated the two compartments. In addition, each cell 
compartments was equipped with a 14!zo T male joint and a 6/zB 



female joint for a thermometer. 
Quantum yield determinations consisted of two irradiations. 



First, with potassium ferrioxalate in both compartments the 
material was irradiated and the ferrous ion concentration in the 
actinometer measured. Typical values of light intensity were on 
the order of 7.9 X 10-3 mE/(min)(65 ml). The second irradiation 
was carried out with the sample in the first cell and a fresh solution 
of potassium ferrioxalate in the back cell. Typical concentrations 
of diene 7 and sensitizer were 9.4 X and 12.8 X 10-3 M .  
With this concentration of sensitizer, less than 1 % of the incident 
irradiation was transmitted to  the back cell. After irradiation of 
the magnetically stirred, nitrogen-purged, photolysis solution, the 
assay for starting material and product was made by vpc using 
2-acetonaphthone as standard. As in the case of the direct ex- 
citation, calibration of the vpc using known mixtures of diene and 
internal standards immediately prior to analysis was necessary to 
obtain good results. The results of these measurements are given 
in Table 111. 



(36) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc. London, 235, 
518 (1956). 
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Abstract: From the rates and products obtained in thermal dimerizations of chloroprene and other dienes, it is 
proposed that two mechanisms are operative-one which is probably concerted and electrocyclic in nature, requir- 
ing at least one cisoid diene unit, and leading to vinylcyclohexenes, the other diradical in nature, leading largely to 
divinylcyclobutanes, and appreciable only when favorable substitution is present. 



heland and Bartlett have recently reported an ap- W parent instance of simultaneous biradical 1,2- 
and concerted 1,4-cycloadditions to cyclopentadiene. 
We wish to report some dimerizations of dienes which 
provide further information about such competition. 
This investigation was orginally undertaken to resolve 
apparent conflicts between the results of Robb and co- 
w o r k e r ~ ~ ~ ~  and reports by previous w o r k e r ~ ~ - ~  and ob- 



(1) R. Wheland and P. D. Bartlett, J .  Amer. Chem. SOC., 92, 3822 



(2) N. C. Billingham, P. A. Leeming, R. S.  Lehrle, and J. C. Robb, 



(3) N. C. Billingham, J. R. Ebdon, R. S. Lehrle, J. L. Markham, and 



(1 970). 



Nature (London), 213, 494 (1967). 



J.  C. Robb, Trans. Faraday Soc., 65,470 (1969). 



servations in this laboratory concerning the products of 
dimerization of chloroprene (2-chloro- 1,3-butadiene). 
Several related dimerizations have been included to 
verify the apparent significance of the results with chlo- 
roprene. 



(4) (a) W. C. Carothers, I .  Williams, A. M. Collins, and J. E, Kerby, 
J .  Amer. Chem. SOC., 53, 4211 (1931); (b) J. G. T. Brown, J. D. Rose, 
and J. L. Simonsen, J .  Chem. Soc., 101 (1944); (c) A. L. Klebanskii and 
M. M. Densisova, Zh. Obshch. Khim., 17,703 (1947). 



(5) A. C. Cope and W. R. Schmitz, J .  Amer. Chem. Soc., 72, 3056 
(1 9 50). 



(6)  I. N. Nazarov and I .  A. Kuznetsova, Zh.  Obshch. Khim., 30, 134 
(1960). 
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Figure 1. SE-30 chromatograms, chloroprene dimers (sample 
size varied for similar dimer content): (a) low conversion, (b) 
high conversion. 



It was indicated2n3 that chloroprene dimerization 
proceeds at room temperature with formation of only 
four isomers, the head-to-head divinylcyclobutane ad- 
ducts l a  and lb,  and the Diels-Alder adducts, 2 and 3, 
in which the unsubstituted vinyl group of the monomer 
serves as dienophile, with a 2 : 1 ratio of cyclobutanes to 
cyclohexenes. Various workers have indicated the 



I- ? 



la lb 2 3 



presence of allylic halides suggested to  be 4 and/or 4a and 
various dehydrochlorination products, although these 
have not been rigorously characterized, nor has it been 
shown that they are original products rather than sec- 
ondary derivatives resulting from thermal treatment of 
the original products. Cope and Schmitzs have con- 
clusively demonstrated the structure of 1,6-dichloro- 
1,5-~yclooctadiene (S), isolated after prolonged heating. 



c1 "1 



4 4a 5 



Results 
Using temperature-programmed gas chromato gra- 



phy under the mildest conditions compatible with res- 
olution, the initial products of dimerization at  room 
temperature are found to  contain about 15% each of 2 
and 3 as claimed, but to include about 13 % 4 in addi- 
tion to  l a  and l b  (41, 16z ) .  Further, as reaction pro- 
ceeds, the fraction of l b  in the mixture is seen to  de- 
crease synchronously with the appearance and increase 
of an additional component, 5, as indicated by typical 
tracings shown in Figure 1. With the exception of lb,  
each of these compounds was found to  survive frac- 
tionation at low pressure and could be passed through 
the chromatograph under conditions of analysis without 
change. Infrared and proton magnetic resonance 
spectra of mixed isomers isolated without exposure to 
heat were in agreement with chromatographic analysis 



and the spectra of distillation fractions. No major 
change in spectral properties resulted when the mixture 
was heated briefly to 100" or passed preparatively 
through the chromatograph. From the combined 
results of fractionation, spectral examination, chroma- 
tography under several different conditions, and ex- 
amination of thermal conversions of the isomers present 
(see below), it is believed that no other products are 
present in room temperature dimerization in an amount 
greater than 1 of the mixture. Quantitative data are 
reported only for experiments in which polymer forma- 
tion was neglibible, but no difference in rate or products 
of dimerization was observed in instances where in- 
hibition was not completely effective.' 



The identity of l b  is based solely on its isomerization 
to  5. As discussed below, the rate of this process is in 
agreement with expectation based on the behavior of l a  
and of the unsubstituted  analog^.*^^ The structure of 5, 
which was isolated by distillation as a low-melting 
solid, follows from its ozonolysis to dialdehyde and di- 
acid ~ h l o r i d e . ~  A mixture of 2 and 3 was obtained by 
redistillation of fractionation cuts containing 2, 3, and 4 
after treatment with piperidine to remove the latter. 
These isomers were separated analytically only under 
much more rigorous chromatographic conditions. 
The earlier eluting isomer, which is slightly in excess at  
room temperature, is assigned structure 2 on expecta- 
tion from symmetry and hydrolysis experiments by 
Nazarov,G who obtained somewhat more 3-acetylcyclo- 
hexanone than the corresponding 4-isomer. As de- 
scribed in the Experimental Section, the mixture was 
converted to  chlorinated isomers of 4-ethynylcyclo- 
hexene and 4-acetylcyclohexene, the latter apparently 
identical with the product obtained from chloroprene 
and methyl vinyl ketone, but successful resolution of 
chlorine isomers was not achieved. 



When heated, fractions containing 4 evolved HC1 at 
variable, apparently autocatalytic rates, with formation 
of two lower boiling dehydrochlorination products. 
The intermediate product is tentatively identified as 1- 
vinyl-Cchloro- 1,4-~yclohexadiene (6),  on the basis of its 
nmr spectrum. Purified 6 was relatively stable to  heat 
but was isomerized in the presence of acid to  the other 
degradation product, 7, identified as 4-chloroethylben- 
zene by comparison to  an authentic sample. lo 



6 7 



Isomer l a ,  obtained by fractional distillation or pre- 
parative chromatography, solidified on cooling, mp 
-28 to  -26". The infrared spectrum agreed with that 
published2 except for the absence of the "trace aromatic 
impurity" absorption at 1500 cm-l. The latter is char- 
acteristic of 5, and it is probable that the sample ob- 
tained by Robb contained some cis isomer, l b ,  which 
had partially isomerized before or during spectral anal- 



(7) Conflicting observations which have been reported do not appear 
to be generally applicable and probably apply only to very specific 
conditions. See P. A. Leeming, R.  S. Lehrle, and J. C. Robb, S. C. I. 
Monograph, Society of Chemical Industry, London, 1963, no. 29, 
p 203. 



(8) E. Voge1,JustusLiebigs Ann. Chem.,  615, 1 (1958). 
(9) G. S. Hammond and C. D. DeBoer, J .  Amer. Chem. SOC., 85, 



(10) G .  Lock and I<. Stach, Ber. Deut. Chem. Ges .  B, 77, 293 (1944). 
899 (1964). 



Journal of the American Chemical Society 1 93:19 / September 22, 1971 
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Under similar conditions, 2,3-dichloro- 1,3-buta- 
diene (10) yielded three chromatographic products, 11, 
12, and 13, in approximately a 1 :2: 1 ratio. After evap- 



ysis. The nmr spectrum at 100 mhz shows a character- 
istic A2B2 pattern for the cyclobutane protons of la ,  
with 24 observable lines. The trans assignment is 
probable by comparison with the spectrum of trans- 1,2- 
dichloro- 1,2-dicyanocyclobutane and the behavior on 
heating. Exothermic rearrangement occurs when sam- 
ples of l a  are heated in bulk to  130-140". Repro- 
ducible first-order decay was obtained on capillary 
samples, although the ratios of products are somewhat 
uncertain because of liberation of monomer and HCI. 
Estimated yields are 24% monomer, 60% 4 (and its de- 
composition products, 6 and 7), 12% 5, and 4 %  of 
another isomer identified spectrally as 8. 



The absence of 9, or its cis isomer, is reasonably cer- 
tain from the isomeric purity of 5 as isolated. The 
melting point of the latter precludes any significant 
amount of 1,5-dichloro- 1,5-cyclooctadiene impurity 
expected by rearrangement of 9.  The absence of 4a is 
likewise assured by the absence of 3-chloroethylbenzene, 
which should be readily detectable if present as an im- 
purity in 7. 



Reaction rates and isomer ratios were observed for 
temperatures from 25 to 140". l 2  Isomer ratios extrap- 
olated to zero conversion are shown in Table I. Also 



Table I. Isomer Distribution from Chloroprene Dimerization 



Time, hr 
T,  "C (min) 



25 120 
25 912 
60-81' 96 



100 ( 5 )  
100 (60) 
140 (2.5) 
140 (10) 
25 [Old 
65 [Old 



100 [Old 
140 [Old 



Isomer -- 
Rn l a  lba 4 2 + 3 5 2/3b 5* 



12 .3  41 2 10 33 14 51/49 22 
64 30 3 18 32 17 



1.25 34 8 20 29 8 
14.6 31 3 20 30 16 38/62 21 
11 28 3 25 29 15 
30 18 3 26 32 20 35/65 22 
[O] 41 16 13 30 
[O] 36 18 16 30 
[O] 33 17 20 30 
[O] 28 20 22 30 



1 . 8  42 11 14 30 2 .4  



a Includes small amounts of 6 and perhaps unidentified material. 
Determined at 200", 5 includes pyrolysis yield from l a  and lb.  



Average values extrapolated to zero reac- c Atmospheric reflux. 
tion. 



given are ratios of 2 : 3 found by higher temperature anal- 
ysis and the yield of 5 obtained under these conditions, 
which includes pyrolysis yield from l a  and l b .  Ob- 
served trends are sufficiently consistent that they are 
probably real, but are sufficiently small that calculated 
differences in activation energy are near the limits of ex- 
perimental accuracy. Kinetic parameters for rear- 
rangement of l a  and l b  are given in Table 11, and dimer- 
ization parameters in Table 111. 



(11) E. Lustig,J. Chem. Phys. ,  37,2725 (1962). 
(12) The "4R" products reported in ref 2 apparently include 4 as well 



as la ,  l b ,  and 5,  based on comparison of results. 



11 12 13 



oration of monomer and crystallization of 1313 from the 
mixture, 11 was also obtained in crystalline form, 
leaving a residue rich in 12. Structures of these iso- 
mers are obvious from comparison of spectra to the 
corresponding chloroprene products. Spectra of the 
mixture and crystallization yields are in agreement *ith 
the chromatographic composition at  moderate conver- 
sion. No attempt to resolve the cis isomer of 11 was 
made in view of the higher temperatures needed for 
elution, Dimerization rates and the rate of isomeriza- 
tion of 11 (primarily to  12) are given in Tables I1 and 
111. 



The few analyses which have been reported on the 
products of dimerization of butadiene itself have been 
obtained under conditions such that only a small 
amount of divinylcyclobutanes formed would still be 
present. An available sample of butadiene 10 months 
old was sampled and found to contain 2.5 total dimers 
of composition 98.4 % vinylcyclohexene, 1.4 % trons- 
divinylcyclobutane, 0.2 % cyclooctadiene, and less than 
0.1 % of an impurity which was probably cis-divinyl- 
cyclobutane. From the reported dimerization rate, l 4  



2.6% dimers is predicted at an average temperature of 
25 O. Products predicted from the thermokinetic 
scheme of Benson l5 are 37 % vinylcyclohexene, 1.8 % 
cyclooctadiene formed directly, and 6 1 % divinylcyclo- 
butane, of which about one-fourth should be cis isomer, 
largely rearranged to cyclooctadiene under the condi- 
tions employed. 



To examine the behavior of chloroprene as dienophile 
with a more conventional diene, codimerization of a 
mixture with cyclopentadiene was examined. T w o  
new dimer components were observed in a 12: 1 ratio. 
The major component was readily identified as 14a by 
comparison of its nmr spectrum with that of k n o w n  
analogs, 14b, 14c, and 14d.16 The minor isomer was 
not purified sufficiently for identification, but is almost 
certainly not 5-chloro-5-vinylnorbornene (15) since i t  
failed to react with piperidine. Relative rates were cal- 
culated assuming normal second-order reaction. 



, 
X 



14a, X = CC1= CH, 
b ,X=CN 
c, X = COOCHj 
d, X =OH 



(13) R. E. Foster and R .  S. Schreiber, J .  Amer. Chem. Soc., 70, 2302 



(14) G. B. Kistiakowski and W. W. Ransom, J .  Chem. Phys. ,  7, 725 
(1948). 



( 1939). 
(15) S. W. Benson, ibid., 46,4920(1967). 
(16) J. C. Davis and T. V. van Auken, J .  Amer. Chem. Soc.,  87,3900 



(1965). 
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Table 11. Thermal Rearrangement of 1,2-Divinylcyclobutanes 



Log A ,  



(1) Trans Isomers 



Substituents" sec-l E., kcal 



None 13.1 34.8 
1 ,(Y '-Dimethyl 13.9 34.9 
1,2-Dimethyl 13.9 31.6 
1,2-Dichloro (la) 14.6 33* 
1,2,(~,01 '-Tetrachloro (13.9)c (33). 
(11) 



(2) Cis Isomers 
None 10 .8  23.8 
1,2-Dichloro (lb) 11.5 23.8 



ka7a X IO', 
sec- l 



0 . 5  
3 . 2  



250 
200 
40 



6,300 
32,000 



a Parameters for hydrocarbons are calculated from ref 9. b E, 
c E, and rate at 373°K cal- would be 31.8 if log A were 13.9. 



culated from assumed log A = 13.9. 



Table 111. Symmetry-Corrected Rate Parameters for Diene Reactions 



CHzCH=CHCHz. 



CHzCH=CHCHz. 
I 



16 



Energy relations for the singlet diradical have been 
discussed by Benson.15 It is apparent that cis& cis,- 
trans, and trans,trans forms should exist and that geo- 
metric conversion is slow with respect to ring closure or 
dissociation of the radical. Three position isomers of 
each form should be possible when the diene units are 
unsymmetrical in substitution. The triplet state of the 
same family of diradicals is postulated as an interme- 
diate in the photosensitized dimerization of dienes. 1 7 , 1 8  



The triplet is presumed to  undergo conversion to  the 
singlet before the ultimate photoproducts are formed. 



Dienea Dieno philea Product Log Ab)c EP Log kmb Ref 



CPD TCNE (4.4) (3 ' 5) 1-1.8 d 
BD TCNE 4 . 4  9 . 7  -2 .7  d 
2-C1-BD TCNE 4 . 5  13 .1  -5 .1  d 
2,3-ClZ-BD TCNE (4.4) (13.7) -5 .6  e 
CPD MA 4 . 4  8 .5  -1.8 f 
BD MA 3.6  11.7 -5 .0  f 
2-Cl-BD MA 4.4  13.6 -5 .6  f 
2,3-Clg-BD MA 4.4) (15.8) -7 .2  f 
CPD CPD 5 .5  16.4 -6 .5  g 
CPD 2-C1-BD (5.5) (16.9) -6 .9  h 



20.6, 21.5 -8.7 i 
20.9 -8 .6  
20.1 -9 .0  5.7 



6 .3  21.5 -9 .5  
6 . 7  22.1 -9.5 
5.3 20.2 -9 .5  
6 .3  21.6 -9 .5  



(Overall) 5 . 6  20.2 -9 .2  
5.7 20.9 - 9 . 6  



11 + 13 4 .9  19.6 -9.5 



P 2 77.  p e r  all) 



2-C1-BD 2-C1-BD I :; 
4 



6.4  23.7 - 11 j 



2,3-Clz-BD 2,3-Clz-BD k2 
BD BD VCH 
BD BD DVB + COD (6.4) (26.0) -12.7 k 



a Abbreviations: CPD, cyclopentadiene; BD, butadiene; TCNE, tetracyanoethylene; MA, maleic anhydride ; VCH, 4-vinylcyclo- 
hexene ; DVB, 1,2-divinylcyclobutane; COD, 1,5-cyclooctadiene. b Rate constants, kZQ8, and preexponential factors, A ,  are in ]./(mol sec) 
based on product and statistically corrected for symmetry as described in the text, Activation energies in parentheses are calculated from 
assumed A factors. e Calculated from chloroprene result given and relative rate from C. A. Stewart, 
Jr., .I. Org. Chem., 28, 3320 (1963). f D. Craig, J. J. Shipman, and R. B. Fowler, J. Amer. Chem. Soc., 83, 2885 (1961). 0 A. Wassermann, 
J .  Chem. SOC., 1028 (1936). i Refer- 
ence 14, text, gas phase reaction. 



J. Sauer, private communication. 



Caiculated from dicyclopentadiene rate, cross-dimer relative rate. i Calculated from ref 3 of text. 
From rate for VCH and product analysis, this work. 
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Discussion 
From the rates of isomerization of divinylcyclo- 



butanes given in Table I1 and the products observed in 
these reactions, a clear dichotomy of mechanism is ap- 
parent. As proposed by  other^,^^^^^^ the cis isomers are 
believed to undergo a concerted, electrocyclic reaction 
which is at least formally a Cope rearrangement, 
forming cyclooctadienes as the only significant products. 
The trans isomers rearrange much more reluctantly and 
form a variety of products including monomer, vinyl- 
cyclohexenes, cyclooctadienes (perhaps via the cis- 
cyclobutanes), racemized starting material,g and gen- 
erally minor amounts of other products. This has 
been explained on the basis of diradical cleavage by way 
of the 2,6-octadiene- 1 ,S-diyl diradical, 16. 



While it is possible that this singlet might differ in en- 
ergy, conformation, or configuration from the ther- 
mally produced diradical, the products observed are gen- 
erally within the expectations from the proposed ener- 
getics. 



Although the distinction is not as obvious, it is pro- 
posed that a similar dichotomy of mechanism is re- 
quired for diene dimerizations: one process which 
leads only to  vinylcyclohexenes and requires at least one 
cisoid diene unit, and a second process which leads pri- 
marily to  divinylcyclobutanes and permits, but does not 
require, a cisoid diene unit. Products of the first class 
include the principal adducts from dimerizations of cy- 
clopentadiene, butadiene, and isoprene, l9 codimeriza- 



(17) G. S.  Hammond, N. J. Turro, and R. S. H .  Liu, J .  Org. Chem., 
28,3297 (1963); G. S. Hammond, N. J. Turro, and A. Fischer,J. Amer. 
Chem. SOC., 83, 4674 (1961); N. J. Turro and G. S .  Hammond, ibid., 
84, 2841 (1962); G. S.  Hammond and R. S .  H. Liu, ibid., 85, 477 
( 19 63). 



(18) W. L. Dilling, Chem. Rev . ,  69, 845 (1969). 
(19) I .  N. Nazarov, A.  I. Kuznetsova, and N. V. Kuznetsov, Z h .  



Obshch. Khim., 25,307 (1955). 



Journal of the American Chemical Society I 93:19 September 22, 1971 











4819 



reactive species are less exact than might be desired, but 
an error of 5-10 kcal seems unlikely. (2) The thermal 
formation of 4 and the photochemical production of 
similar compounds from other dienes should also be 
susceptible to  stabilization by such interactions. No 
such effect is discernible in the results. It can be 
argued that stabilization is ineffective because of steric 
barriers in the case of 4 and energy or conformational 
barriers in the photo process, but the degree of coin- 
cidence required appears unlikely. 



Inherent in the arguments given is the assumption 
that orientation (head us. tail) and configuration of the 
diene units are determined in the transition state, and 
that trans,trans intermediates give rise largely to  cyclo- 
butanes, cis,trans to cyclohexenes. Other possibilities 
which may be considered are configurational rotation in 
an intermediate state, a transition state resembling a 
charge-transfer association where bonding termini are 
not yet determined, or a requirement for at least one 
cisoid diene unit even for cyclobutane formation. 
These possibilities do not appear attractive, and do not 
provide any apparent basis for the results obtained, al- 
though the evidence against them does not appear con- 
clusive. 



It appears most likely, therefore, that both the con- 
certed process and the diradical process for diene di- 
merizations are possible. Preexponential factors for 
the two processes are similar, with activation energy 
favoring the concerted process by several kilocalories 
except where favorably substituted for diradical reac- 
tion, e.g., with chlorine substituents in positions 3 and 6 
of the diradical. 



tion of butadiene with isoprenez0 and of cyclopentadiene 
with chloroprene (14a), and the head-to-tail and tail-to- 
tail dimers of chloroprene, 2, and 3. The process is 
presumably a conventional Diels-Alder reaction, 
whether truly concerted or not. Products of the second 
class include 11 and 13 from dichlorobutadiene, l a  and 
l b  (and 5) from chloroprene, and the minor amounts of 
cyclobutane and cyclooctadiene adducts formed where 
the Diels-Alder process predominates. These products 
are compatible with a diradical mechanism. 



Adducts 4 and 12, in principle, could arise from either 
mechanism. Considering that 2 and 3 are formed in 
comparable amounts, the absence of 4a suggests that 4 
is not formed by the Diels-Alder mechanism. The for- 
mation of 14a but not 15 likewise indicates that the 
Diels-Alder addition to  the chlorine-substituted vinyl 
group of chloroprene is unfavorable, so that 4 and 12 
are presumed to be diradical products for the most part. 
The additional chlorine atoms on the diradical should 
increase the difficulty of ring closure particularly for 
formation of11 but also for formation of 12. These steric 
barriers and competing reversion to monomer provide 
a natural explanation for the lower ratio of cyclobutanes 
to cyclohexenes from dichlorobutadiene (50/50) than 
from head-to-head dimerization of chloroprene (57/13 
or 81/19>. 



Table I11 lists the kinetic parameters for diene dimer- 
izations and more conventional Diels-Alder reactions 
of the same dienes. Rates are corrected for symmetry 
by dividing the experimental result by a factor of 2 for 
each symmetrical reacting unit. (This is not strictly 
correct for all possible interpretations of the transition 
state.) The rates for individual products are calculated 
from the overall rates and the measured distribution of 
products. Where no measurement of temperature 
effects is available, activation energies have been cal- 
culated by assuming a preexponential factor. The 
error introduced is obviously minor in view of the near 
constancy of this factor over the range of reactions 
listed. 



The activation energy for dimerization of butadiene in 
cis,trans configuration to  vinylcyclohexene is apparently 
2.4 kcal more favorable than for trans,trans reaction to 
divinylcyclobutanes, whereas it should be 1 kcal less 
favorable according to the kinetic scheme of Benson, as- 
suming “free” diradicals. The discrepancy is too large 
to attribute to  the uncertainties of temperature and 
medium effects or to  the assumed stereochemical energy 
of‘ cisoid us. transoid configurations. There is evidently 
a stabilization of the order of 3-4 kcal for the cis,trans 
transition state compared to that expected for a “free” 
diradical. This could be explained either on the basis 
of a concerted, electrocyclic transition state or on the 
basis of a diradical with “secondary interactions” z 1  
between unbonded termini of the diradical. There are 
two reasons for preferring the electrocyclic formulation. 
(1) If secondary interactions in the transition state are 
as large as indicated, an even greater stabilization is to  
be expected in the diradical intermediate. This is pre- 
sumably the same diradical for which Benson has cal- 
culated energies based on rearrangement data. It was 
concluded that this agreed reasonably with expectations 
for a nonbonded radical. A priori calculations for such 



(20) R. A.  W. Johnstone and P. M. Quan,J. Chem. Soc., 935 (1963). 
(21) R. B. Woodward and T. J. Katz, Tetrahedron, 5,70(1959). 



Experimental Section 
Methods. For gas chromatography, an F & M Scientific Co. 



Model 720 temperature-programmed instrument was employed 
with 0.25411. columns, a helium flow of ca. 60 cm3/min, 150” in- 
jection port, and 175” detector temperature to  minimize thermal 
destruction of sensitive compounds. Standard analyses (Figure 1) 
were obtained with a purchased column described as 2 ft SE-30 
silicone gum, 20% on “Diatoport S” support. This column had 
been used extensively prior to these experiments and subsequent 
work suggests that a fresh, conditioned column of this composition 
requires only 1.2-1.5 ft of length for comparable elution temper- 
atures. Normal programming was 70” initially plus 5”/min to 
195”. For very low concentrations of diene in monomer, large 
samples were injected at room temperature, actuating the program 
after elution of the monomer. Fractionation samples were also 
examined isothermally as required for elution. Samples were also 
examined using a 6 ft Carbowax 20M polyethylene glycol column, 
5 %  on Haloport F fluorocarbon support isothermally at 145” or 
programmed as appropriate, and a 12 ft XF-1150 fluorosilicone oil, 
15% on Chromosorb P/AW support used isothermally at 200” to 
separate 2 and 3 and, incidentally, to obtain pyrolysis of unstable 
species. The same columns were used for preparative work. Table 
IV lists retention times for the primary compounds involved for 
standard conditions on these columns. Quantitative results are 
based on the assumption that area response per mole of substance 
(thermal conductivity) i s  proportional to the square root of molecu- 
lar weight, except where internal standards were used and cali- 
brated empirically. 



Infrared spectra were obtained on neat liquids. Nmr spectra 
(Varian HA-100) were obtained neat or in deuteriochloroform 
solution with negligible difference in chemical shift. The distinc. 
tive patterns and many sharp peaks in the unsaturation region pro- 
vided qualitative identifications and integrations of resolvable 
groups of peaks served for quantitative estimates. Peak frequencies 
are given in parts per million downfield (negative) from internal 
tetramethylsilane standard. Fractionations were carried out with 
a 1-m spinning band column at 2-5 mm pressure. Boiling points 
as indicated by distillation curves and densities and refractive indices 
where measured are also given in Table IV. 
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Table IV. Physical Properties of Principal Productsa 



Retention time, minb 
Bp (-4 mm) Density, Carbo- XF- 



Compd or (mp), "C nZ5D 25" SE-30 wax 1150 



7 48 1.5144 1.036 5 2 . 8  9 . 6  
l a  56 1.5048 1.124 5 .9  3.7 
l b  6 . 7  4 .9 
8 58 6 . 6  3 . 6  
6 60 (1.512) (1.103) 6 . 7  4 . 9  
4 70 (1.512) 8 . 4  7 .5  
2 72 (1.514) (1.161) 9 . 3  7 . 8  18.0 
3 72 (1.514) (1.161) 9 . 3  7 . 8  18.8 
5 92 1.5323 1.208 11.7 18.0 38.3 



11 (54-60) 13.4 
12 15.6 
13 (93-96) 18.2 
14a 75 (17 mm) 6 .2  



a Boiling points estimated from fractions. Physical properties 
in parentheses estimated from mixtures. * See text for standard 
conditions. 



Crude Chloroprene Dimerization Mixtures. Redistilled chloro- 
prene was aged under nitrogen at room temperature and at atmo- 
spheric reflux in the presence of various inhibitors, usually pheno- 
thiazine, picric acid, or the ammonium salt of N-nitroso-N-phenyl- 
hydroxylamine, alone or in combination. No polymer formation 
was normally observed, but prudence requires that adequate safety 
precautions be taken to protect against the hazards of uncontrolled 
polymerization which can occur with monomer of uncertain quality. 
Chromatographic analyses were performed directly on themonomer- 
dimer mixture, choosing sample size to obtain a relatively constant 
quantity of total dimers where possible. Room temperature samples 
were isolated by low pressure evaporation of monomer at not over 
30" and reflux samples were obtained by distilling monomer 
through a short Vigreux column at 40-60" pot temperature. No 
qualitative spectral differences were observed. Semiquantitative 
differences, in agreement with chromatographic results, showed 
only the decrease in vinyl absorptions (lb) and increase in absorp- 
tions characteristic of 5 ,  as expected. These changes were almost 
independent of temperature if observed at equal monomer con- 
version. Material balances were obtained by fractionation and 
analysis of fractions on reaction mixtures from 96 hr atmospheric 
reflux and were in satisfactory agreement with chromatographic 
analysis of the whole. No volatile, higher boiling materials were 
observed. When any polymer was present, it was necessary to treat 
the residue with hexane to extract 5 from polymer and inhibitor to 
obtain satisfactory recovery. 



Whole dimer samples from room temperature reaction were (1) 
passed through the chromatograph preparatively, (2) heated 
briefly to lW", and (3) allowed to stand a t  room temperature. 
Except for conversion of l b  to 5 and minor dehydrochlorination of 
4 to 6 and 7, no changes could be detected spectrally or chro- 
matographically. 



Dimerizations at 100 and 140" were accomplished in sealed 
capillary tubes to contain monomer and permit rapid heating and 
quenching. A small amount of polymer was formed at the higher 
conversion, as indicated by viscosity and internal standard analysis. 



A sample of reflux dimer mixture was distilled at atmospheric 
pressure, to  a maximum pot temperature of 250", reducing the 
pressure only to strip volatiles at the end of the process. The re- 
covered material, excluding monomer formed in the process, was 
round to contain 2 3 z  7, 0.6% 8, 10% 6, 42% 2 and 3, and 25% 5. 
Except for the low yield of 8, this is in reasonable agreement with 
predictions from the degradation products of the separate isomers. 



Characterization of 1,2-Dichloro-1,2-divinylcyclobutane (la) and 
1,6-Dichloro-1,5-cyclooctadiene (5). These components were iso- 
lated in adequate purity by refractionation of cuts from material 
balance distillations of crude dimers. From cooling curves, a 
melting point of 6-8" was estimated for 5 of 99% purity by gc. 
Another sample, obtained after extensive thermal decomposition of 
l a ,  was treated with piperidine to remove allylic halide impurities 
and redistilled (977, pure), mp 10.5 (lit.& mp 13.8"). Nmr absorp- 
tions were at 5.76, 2.76, and 2.34 ppm in a ratio 1 :2:2 with no ap- 
parent splitting. The infrared absorption at 1500 cm-l was useful 
for discrimination from other isomers and was plainly present in 
crude dimer mixtures which had not been exposed to  heat. A frac- 
tion of la ,  99% purity, melted at -28 to  -26". The ir spectrum 



is noted in the text. The nmr spectrum showed a typical vinyl 
pattern at 6.35-6.05 and 5.45-5.20 and an AzBl multiplet in two 
groups centered on approximately 2.8 and 2.3 ppm with 12 dis- 
cernible lines in each half. Piperidine reacted with la  much less 
rapidly than with 4, but sufficient reaction was obtained at 80" to  
examine the dimer mixture for nonreactive species that might elute 
at the same time. 



Characterization of 1- and 2-Chloro-4-(l-chlorovinyl)cyclohexenes 
(2 and 3). Fractionation was ineffective in separating 2, 3, and 4, 
although 4 was slightly enriched in early samples. Removal of 4 
was effected by heating 20 ml of mixed isomers with 15 ml of 
piperidine for 6 hr on the steam bath, extracting the reaction mass 
with aqueous HCI, and redistilling to isolate 2 and 3 essentially 
free of other impurities. Analysis, XF-1150, indicated no change 
in the ratio of 2 to 3. The nmr spectrum consisted of a character- 
istic fringedpeak for ring =CH at 5.72, =CH2 at 5.17 and 5.15, and 
unresolved absorptions at 2.7-1.6 ppm. Irradiation of the allylic 
region narrowed the 5.72 band to a sharp, apparently single peak. 
Partial separation by preparative chromatography indicated that 
the low-field absorptions did indeed overlap, and that the high- 
field absorptions, while different, were still not resolvable. Sulfuric 
acid hydrolysis0 produced only tars in our hands. Heating 15 g of 
mixed 2 and 3 with 50 ml of dipropylene glycol and 5 g of NaOH 
for 30 min at 140" produced dehydrochlorination to a new acetylenic 
species eluting at 4.9 min (silicone). Hydrolysis of the acetylene was 
accomplished in 53 z yield with mercuric sulfate in acetic acid to give 
a ketone indistinguishable from the chloroprene-methyl vinyl 
ketone adduct,2* retention time 9.9 min. Neither the acetylene nor 
the ketone could be resolved chromatographically or spectrally, and 
this course was not pursued. 



Characterization of 1,4-Dichloro-4-vinylcyclohexene (4). Spectral 
properties deduced by the removal of 4 from mixture with 2 and 3 
were confirmed by a sample later isolated from partial rearrange- 
ment of l a  (see below). Ir showed vinyl absorptions (10.1, 10.8) 
and the nmr showed vinyl, 6.2-5.9 and 5.4-5.1, ring =CH at 
5.78, poorly resolved ring methylenes at 3.0-1.9. Aminolysis 
apparently resulted in displacement, since no dehydrochlorination 
products were observed, but the amine resisted attempts at crystal- 
lization. 



Mixtures of 2, 3, and 4 were heated to observe the "thermal" 
dehydrochlorination of 4, reaction occurring in some cases as low 
as 100". A 2 0 "  sample containing 4 2 z  4 was heated 10 min at 
140°, then 10 min at 170-180", producing 65% conversion of 4 
and comparable amounts of 6, 7, and a high-boiling, piperidine 
reactive product eluting near 5.  The latter decreased on further 
heating. After concentration by fractionation of several com- 
bined samples, 6 and 7 were separated from each other by prepara- 
tive chromatography. Molecular formulas of CsHoCl were verified 
by mass spectroscopy. Compound 6 was found to contain one 
vinyl group, 6.49-6.20 and 5.12-4.93 ppm, two ring =CH groups, 
5.85 and 5.66, and four allylic protons, 2.94 ppm. The 1,4-cyclo- 
hexadiene structure assigned seems more probable than the fully 
conjugated alternate in view of the chemical shifts. Compound 7 
was identical with an authentic samplelo by ir, nmr, and chro- 
matography, and lacked bands expected for a meta-disubstituted 
benzene. Heating a mixture of 6 and 7 at 160" for 10 min pro- 
duced no change, but after addition of 2% toluenesulfonic acid, 
60% isomerization of 6 to 7 was effected in 20 min at the same 
temperature. 



Thermal Rearrangement of Divinylcyclobutanes. When 20 ml 
of l a  was heated in a reflux apparatus under nitrogen, a rapid 
temperature rise occurred from about 130 to 170", and the 
temperature soon fell to 120°, with reflux of liberated monomer. 
Analysis indicated 75% conversion of l a  with yields of about 
2 2 z  monomer, 6 8 z  4, and 10% 5. Chromatography at 200" 
on the XF-1150 column gave complete conversion of l a ,  24% 
yield of monomer, 13% 5, and 63% of intermediate material. 
From larger samples, the intermediates were trapped and analyzed, 
corresponding to 4% 8 based on l a ,  the balance being 6 and 7. 
Distillation of products from several decompositions concentrated 
8, which was then isolated by preparative chromatography. Nmr 
showed =CH2 at 5.16, ring CHR at 3.32, ring methylenes at 2.06 
to 1.96. Ir, as deduced from distillation fractions containing 6 and 
7, showed a strong 11.3 band. No increase in the amounts of 2 
and 3 was observed, suggesting that rearrangement of 8 was minor 
under conditions producing nearly complete decomposition of l a .  
Decomposition rates for l a  were measured at 100 and 135" in 



(22) A. A. Petrov and N. P. Sopov, Zh. Obshch. Khim., 17, 1295 
(1947). 
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a small amount of tetrachlorobutane internal standard was added, 
butadiene removed under reflux, and the resulting solution chroma- 
tographed with 30" initial column temperature. Vinylcyclohexene 
and cyclooctadiene peaks were verified by comparison to known 
samples and by mass spectroscopy, trans-divinylcyclobutane only 
by mass spectroscopy. A small peak which was probably the cis 
isomer was too small for positive identification 



Cross-Dimerization of Chloroprene and Cyclopentadiene. An 
inhibited solution of 3.9 g of freshly distilled cyclopentadiene and 
14.5 g of chloroprene was aged at room temperature and inter- 
mittently analyzed over 300 hr time. New peaks were observed 
at 6.2 and 8.2 min retention time with relative rates of formation 
calculated to be 0.20 and 0.013 relative to dicyclopentadiene as- 
suming that the compounds were cross dimers. A relative rate for 
chloroprene was estimated at 0.0024 compared to 0.0016 calculated 
from Table 111. For preparative purposes, a mixture of 96 g of 
chloroprene and an equal weight of partially dimerized cyclo- 
pentadiene was refluxed for 2 hr at 45-55", allowed to stand over- 
night, and distilled. Analysis indicated 60 g of dicyclopentadiene, 
12 g of 14a, 1.1 g of the unidentified material, and negligible amounts 
of chloroprene dimers. Redistillation provided 14a, 74-76' (17 
mm), nmr =CH at 6.12, 5.88, =CHI at 5.04, 4.87, bridgehead C H  
at 3.14, 2.85, exo protons at 2.95, 1.90, bridge protons at 1.42, 1.25, 
and the endo proton at 1.02. Splitting patterns were very similar 
to 14C.14 The small amount of remaining cross dimer was not 
isolated from the residue, but was found to remain unchanged 
when heated with piperidine. 



capillary tubes. Rearrangement of l b  was followed chromato- 
graphically during dimerizations, rate constants being calculated 
from smoothed plots of l b  and 5 us. dimerization and cross plots 
of dimerization us. time. A fraction of mixed dimers enriched in 
l b  was also isolated by low pressure simple distillation to verify the 
rate of rearrangement without correction for continued formation. 



2,3-Dichlorobutadiene. Redistilled 10 was inhibited and heated 
in a sealed container for 48 hr (60") and found to contain 24% 
dimers, composition 22% 11, 51 % 12, and 27 % 13. The first two 
products were found to react with piperidine. Monomer was 
evaporated and 13 largely crystallized by addition of hexane and 
cooling, mp 93-96', after one recrystallization (1it.l 98-99'). 
Distillation of the residue, 79-90' (<2  mm), produced a fraction 
from which crystals of 11 slowly separated. These were used to 
seed a lower temperature crystallization to produce 11, mp 54-60", 
and leave a residue containing 78 12. The nmr spectrum of 13 
showed a single peak at 2.89; for 11, sharp =CH2 peaks at  5.76 
and 5.61, and broad methylene multiplets centered at 3.05 and 
2.38; for 12, =CH2 at 5.62, 5.45, methylenes at 3.09, 2.60, and 
2.34. Spectral and material balance calculations confirmed the 
chromatographic composition. Dimerization rates were also mea- 
sured at room temperature as for chloroprene. Decomposition 
of 11 was measured at 160°, using the crude distillation mixture, 
which precluded accurate measurement of products. 



Butadiene. From a dip-leg cylinder of commercial CP butadiene 
10 months old from the date of filling, liquid butadiene was re- 
moved into a cooled flask. Trichlorotrifluoroethane containing 
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Abstract: The  solvolysis of 2-propyl tosylate, 2-adamantyl tosylate, and  1-adamantyl bromide in  80 % ethanol 
a n d  75 dioxane in the presence of sodium azide has been investigated in order t o  gain information on  the role of 
solvent in solvolytic reactions of secondary substrates. Failure to observe a rate-product correlation for  2-ada- 
mantyl tosylate and 1 -adamantyl bromide indicates nonidentity of the rate-determining and  product-determining 
steps and  the absence of nucleophilic solvent participation. However, the observed rate-product correlations 
for  the solvolysis of simple, unhindered secondary derivatives (2-propyl tosylate, 2-octyl brosylate) are  consistent 
with nucleophilic solvent participation in the solvolysis of these compounds. The  ion pair  hypothesis of Sneen 
is analyzed, and  it is concluded that his da ta  d o  not demand the intermediacy of ion pairs in the solvolysis of 2-octyl 
derivatives. The  stability-selectivity relationship for  carbonium ion reactions in the presence of azide ion has 
been extended to considerably less reactive substrates, 
of 2-adamantyl solvolysis. 



he technique of adding strong nucleophile (e.g., T lyate ion or azide ion) to a solvolysis medium as 
introduced by Hughes and Ingold2 affords a direct mea- 
sure of the tendency of a substrate to react by a uni- 
molecular or bimolecular pathway. The characteriza- 
tion of a reaction as unimolecular (SN1) or bimolecular 
(SN2) has been of fundamental importance in the study 
of the mechanism of solvolysis. The molecularity of 
the reaction with solvent cannot be determined, but in- 



(1) (a) National Institutes of Health Postdoctoral Fellow, 1968- 
1970; (b) National Institutes of Health Postdoctoral Fellow, 1969-1970; 
(c) A. B. Thesis, Princeton University, 1970. 



(2) (a) C. K. Ingold, "Structure and Mechanism in Organic Chem- 
istry." Cornell University Press. Ithaca. N. Y.. 1969: (b) L. C. Bateman. 
M:G. Church, E. D. Hughes, C. K. Ingold, and N: A.'Taher, J .  Chem: 
Soc., 979 (1940). 



The  available evidence demonstrates the limiting nature 



ferences may be made from the kinetic order of the reac- 
tion with added nucleophile. 



When an added nucleophile produces a marked rate 
enhancement, a bimolecular displacement process is in- 
dicated. The use of sodium azide permits additional 
information to be derived from product composition; 
the product of attack by lyate ion is indistinguishable 
from the normal solvolysis product, but attack by azide 
ion leads in contrast to an isolable alkyl azide. The 
combination of kinetic and product data permits the 



(3) Ingold and his coworkers discussed several approaches to this 
problem.2 These are: studies of mass law effects, salt effects, and 
variations in structure, nucleophile, and solvent. One of the most 
powerful tools was shown to be the use of added azide ion. 
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SUMMARY 
Biotransformation of chloroprene (2-chloro-1,3-butadiene) 



in the rat or in isolated rat hepatocytes leads to gluta- 
thione conjugates with concomitant depletion of hepatic glu- 
tathione and increased excretion rates of urinary thioethers. 
Con jugate formation depends on microsomal enzyme activities 
suggesting the involvement of an epoxide intermediate. 



Chloroprene is a reactive compound which is widely used in 



the manufacturing of the synthetic rubber neoprene. Its 



total world production was estimated at 300 000 tons in 1977 



(1) - An estimated 2500 workers are currently exposed to 



chloroprene in the USA (2,3). Chloroprene has been suggested 



to be responsible for the increased incidence of skin and 



lung cancers in exposed workers in the USSR (4,5). However 



these data are in question (1) and to date no carcinogenic 



effects of chloroprene have been noted in animal studies 



involving several ways of administering the drug (review 6). 



More recent data from Bartsch et al. (7,8) demonstrated a 



slight direct mutagenicity of chloroprene in Salmonella 



typhimurium strains TA 100 and TA 1530. Mutagenicity was 



increased about threefold in the presence of S9 fractions of 



either phenobarbital-treated or untreated mice. These obser- 



Abbreviations: 



GSH, reduced glutathione; GSSG, oxidized glutathione; DTNB, 
5,5'-dithio-bis(2-nitrobenzoic acid); LDH, lactatedehydrogenase. 
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vations were considered by the authors to reflect the prob- 



able formation of an epoxide intermediate of chloroprene. 



In analogy to vinylchloride (9) and vinylidenechloride 



(lo), a subsequent detoxification of chloroprene by conjuga- 



tion with glutathione (GSH) has been suggested (11). Since 



in vitro mutagenicity test procedures do not include a suffi- 



cient GSH conjugating capacity (12), the apparent discrepancy 



in the animal experiment may be explainable. To test this 



hypothesis, we investigated detoxification of chloroprene by 



GSH conjugation in the rat and in isolated rat hepatocytes. 



METHODS 



Animals. In vivo studies were performed with male SPF Wis- 
tar rats, weighing about 200 g from the GSF breeding station 
Neuherberg. All animals received water and a standard labor- 
atory diet (Altromin, Lage Lippe, Germany) ad lib. For pre- 
treatment the animals received either a single dose of Clo- 
phen A50 (500 mg/kg in olive oil) 5 days prior to the experi- 
ment or 0.1% phenobarbital in the drinking water for 10 days. 
Chloroprene was administered in olive oil (1 ml/kg) by 
stomach tube. 



Preparation of hepatocytes. Liver cells were isolated from 
male SPF Wistar rats according to a modified method of Berry 
and Friend (13,14). Trypan blue exclusion of the cells was- 
>92%. Throughout the experimental period of 30 min urea for- 
mation from 5 mM NH4Cl operated linearly at a rate of 1.2 - 
1.5 ,umol/min x g wet weight of cells. Cells were incubated 
in Erlenmeyer flasks at 37OC in an atmosphere of 95% 02/ 
5% co2 (v/v). Chloroprene was added from stock solutions 
in ethanol. Due to the 59.4OC boiling point of chloro- 
prene, cell incubation experiments do not reflect true con- 
centrations of chloroprene. Control additions of ethanol did 
not change the parameters investigated. 



Assays. For the determination of hepatic GSH, samples of 
tissue and cells were homogenized (Ultra-turrax or ultrasonic 
treatment) in 0.1 M phosphate buffer, pH 7.0. After protein 
precipitation with perchloric acid (final concentration 10%) 
and centrifugation, the resulting supernatant was adjusted to 
pH 5-6 with 1.65 M K2CO3 in 1 M triethanolamine hydro- 
chloride. GSH was determined with the coupled assay using 
5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) and GSH reductase 
(15). Parallel assays using the glyoxylase method, specific 
for reduced GSH (16), showed that GSH represents more than 
95% of the DTNB-reactive thiols. 



This relation as well as the hepatic content of glutathione- 
disulfide (GSSG) was not altered by the treatment with chloro- 
prene. At the higher doses of chloroprene the GSSG content 
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was rather decreased (not shown). Activity of lactatedehy- 
drogenase in the supernatant of the cells was measured accord- 
ing to Bergmeyer (17). Urinary thioethers were determined as 
described by Summer et al. (18). 



MATERIALS 



Chloroprene (purity >99.7%) was kindly provided by Bayer 
AG, Leverkusen, Germany. To minimize polymerisation, the 
unstablized compound was freshly prepared and kept at -800C. 
Biochemicals and chemicals were of analytical grade and pur- 
chased from Boehringer, Mannheim, Germany and Merck, Darm- 
stadt, Germany, respectively. 



RESULTS 



In the rat in vivo, chloroprene caused a rapid decrease of 



hepatic GSH. Three hours after the oral administration of 



100 and 200 mg chloroprene per kg to untreated rats, the hepa- 



tic GSH level decreased to 55 and 39% of the control level, 



resp. (Table 1). In Clophen A50-pretreated animals this 



decrease amounted to 57 and 55%, resp. 



In isolated rat hepatocytes cellular GSH decreased to about 



50% of the control within 15 min after the addition of 3 mM 



chloroprene (Fig. 1). This depletion was dose-dependent. In 



hepatocytes of animals pretreated with phenobarbital or Clo- 



phen A50, addition of 3 mM chloroprene almost completely 



depleted GSH within 30 min. 



Table 1 



Chloroprene-dependent depletion of hepatic GSH in the rat in 
vivo three hours after oral administration of the drug. 



hepatic GSH (% of control) 



Dose (mg/kg ) untreated Clophen A50 
-----I-- ---l_-_-l-_---_-_- ._- --- --.- -_- 



100 55 + 8 57 + 8 



200 39 + 8 55 + 6 
___~____.___~ --.-- __--__-____ 
Mean + S.D. (n = 4) 
Control level of hepatic GSH was 6.8 + 0.6 mmol/mg prot. 
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Fig. 1 GSH depletion in isolated rat hepatocytes by chloro- 
prene. Data are from one representative experiment out of 
three with different cell preparations. Control level of 
cellular GSH amounted to 19.9 + 2.1 nmol/mg cell protein. 
Closed symbols: Hepatocytes (8 mg cell protein/ml) of untreated 
animals incubated with 0.5 mM (O-O), 1.0 mM (A -A) and 
3.0 mM (m-m) chloroprene. Open symbols: Hepatocytes from 
either phenobarbital (0 -0) or Clophen A50 (0 -Cl) pretreated 
animals incubated with 3 mM chloroprene. Pretreatment of the 
animals was performed as described in methods. 



As a parameter of acute toxicity, release of lactatedehy- 



drogenase (LDH) into the cell medium was investigated (Table 



2). LDH release of the hepatocytes did not rise signifi- 



cantly above control levels until addition of 10 mM chloro- 



Table 2 



Chloroprene-dependent release of LDH from isolated rat hepato- 
cytesl 



Chloroprene 



(mW 



LDH activity (% of total cell activity)2 



15 min 30 min 



0 4 6 



0.5 6 7 



1.0 6 7 



3.0 7 9 



7.0 8 10 



10.0 46 55 



-~---___---- 



1 Data are from one representative experiment out of three. 
2 Total cellular LDH activity amounted to 2.01~.rmol/min x mg. 
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O- 
Chloroprene lrng/kgi 



Fig. 2 Chloroprene-dependent excretion of thioethers in the 
Grine of rats. Chloroprene was administered in olive oil by 
stomach tube. Data represent means + S.D. from 4 animals. 
Urinary thioethers were determined as described by Summer et 
al. (18). 



prene. At this concentration 46 and 55% of the total cellu- 



lar LDH activity was found in the cell medium within 15 and 



30 min, resp. 



As a further indicator of GSH-dependent detoxification, we 



investigated the enhanced excretion of thioethers (presumably 



GSH-conjugates and mercapturic acids) (19) in the urine of 



rats dosed with chloroprene (Fig. 2). The oral administra- 



tion of chloroprene to rats resulted in a dose-dependent in- 



crease in the excretion of urinary thioethers. This increase 



was reversible and completed within 24 hours at all dose 



levels administered (data not shown). At dose levels of 50 



and 200 mg chloroprene/kg the additional excretion of urinary 



thioethers amounted to 196 and 458 ,umol/kg x day, resp. The 



dose-response curve was not linear. At higher doses a 



decline in the excretion rate of urinary thioethers was 



observed. 



DISCUSSION 



Our data indicate that chloroprene is effectively detoxi- 



fied by conjugation with GSH in the rat and in isolated rat 
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hepatocytes. Chloroprene does not react with GSH non-enzyma- 



tically in vitro nor in the presence of postmitochondrial 



supernatant of rat liver homogenate which contains GSH and 



GSH S-transferases (12). Therefore, chloroprene metabolism, 



most probably the microsome-mediated formation of an epoxide 



intermediate (ll), seems to be a prerequisite for the deple- 



tion of cellular GSH. This is also supported by the more 



pronounced chloroprene-dependent decrease of GSH in hepato- 



cytes from either phenobarbital or Clophen A50 pretreated 



animals (Fig. 1). In the rat, however, pretreatment with 



Clophen A50 failed to stimulate hepatic GSH depletion three 



hours after the administration of 100 and 200 mg chloro- 



prene/kg. This observation cannot yet be explained. It 



might indicate that, unlike in hepatocytes, organ perfusion 



is rate-limiting for chloroprene metabolism in vivo. Similar 



to vinyl methyl ether and l,l-dichloroethylene (20,21), con- 



centrations of chloroprene at which metabolism is limited by 



hepatic perfusion should show no difference in the rate of 



metabolism and subsequent GSH depletion between induced and 



non-induced animals. 



In hepatocytes from phenobarbital-pretreated animals, the 



initial rate of GSH depletion by 3 mM chloroprene amounted to 



about 3 nmol/min x mg cell protein. This chloroprene binding 



capacity is sufficient to assume that chloroprene metabolism 



and subsequent binding of metabolites with GSH may lead to 



complete depletion of cellular GSH. This is sustained by the 



chloroprene-dependent hepatic GSH depletion observed in vivo 



(Table 1) and the increased excretion of urinary thioethers 



after the administration of 200 mg chloroprene/kg. At this 



dose, the urinary thioethers excreted within 24 hours 
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amounted to about twice the hepatic level of GSH and corres- 



ponded to about 20% of the dose of chloroprene. In agreement 



with a pronounced depletion of GSH, a release of LDH from the 



cells was observed only at higher doses of chloroprene (Table 



2) - A drastic GSH depletion may generally result in oxida- 



tive damage of cellular membranes with leakage of cytosolic 



enzymes (22). 



In inhalation experiments with rats, Plugge and Jaeger 



(10) reported a similar effect of chloroprene. The dose-res- 



ponse curve for serum sorbitol dehydrogenase, an enzyme used 



in the quantitation of liver damage (23,24), did not rise 



significantly above control values until chloroprene concen- 



trations of 200 ppm and more. Unless reliable information on 



the effective concentration of chloroprene in a particular 



tissue becomes available, it will not be possible to compare 



the inhalation studies with the in vitro experiments. 



However, the inconsistency of the data on mutagenicity and 



carcinogenicity of chloroprene might be explainable by GSH- 



dependent detoxification. In contrast to the insufficient 



GSH-dependent detoxification in the bacterial mutagenicity 



test (12), efficient detoxification of chloroprene in vivo 



apparently leads to a threshold in the carcinogenic effect. 



To date, chronic inhalation exposure of animals has not 



exceeded dose-levels of 100 ppm (6). No tumor inducing 



effects have been observed in these experiments. 



Further experiments will be necessary to evaluate the role 



of species and tissue variations in the GSH-dependent bio- 



transformation of chloroprene, especially in inhalation 



studies with higher dose-levels of exposure. 
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Groups of male B6C3F1 mice (n = 15) were exposed for 6 h
per day to ambient air, to chloroprene (12,32,80,200 p.p.m.)
or to isoprene (438,1750 and 7000 p.p.m.) on 12 days. These
compounds are the 2-chloro and the 2-methyl analogues,
respectively, of 1,3-butadiene, a genotoxic and carcinogenic
chemical in B6C3F1 mice. Exposure to chloroprene resulted
in a 100% incidence of mortality among the mice exposed to
200 p.p.m. At concentrations of 80 p.p.m. and below, chloro-
prene neither induced a significant increase in chromosomal
aberrations (CA), sister chromatid exchanges (SCE) or micro-
nucleated erythrocytes, nor significantly altered the rate of
erythropoiesis or of bone marrow cellular proliferation kin-
etics. However, the mitotic index (MI) in the bone marrow
of chloroprene-exposed mice was significantly increased.
Under similar conditions, exposure to isoprene induced signifi-
cant increases at all concentrations in the frequency of SCE
in bone marrow cells and in the levels of micronucleated
polychromatic erythrocytes (PCE) and of micronucleated
normochromoatic erythrocytes in peripheral blood. In ad-
dition, a significant lengthening of the bone marrow average
generation time and a significant decrease in the percentage
of circulating PCE was detected. However, exposure to iso-
prene did not induce in bone marrow a significant increase
in the frequency of CA nor did the exposure significantly alter
the MI. The dose-response curves for SCE and micronuclei
induction were non-linear, appearing to saturate at 438 and
1750 p.p.m., respectively. These results suggest that, similarly
to butadiene, inhaled isoprene can be expected to induce
tumors at multiple sites in B6C3F1 mice. However, since
under similar exposure conditions isoprene induces signifi-
cantly less cytogenetic damage than butadiene, it may likewise
exhibit weaker carcinogenic activity.



Introduction
Chloroprene (2-chloro-1,3-butadiene) and isoprene (2-methyl-
1,3-butadiene) are large production chemicals used extensively
in the manufacture of synthetic elastomers. Chloroprene is used
almost exclusively as a chemical intermediate in the production
of polychloroprene (neoprene) elastomer (Fishbein, 1979), while
isoprene is used predominantly in the production of cis-1,4-poly-
isoprene (Saltman, 1979). Both chemicals are structurally related
to 1,3-butadiene, a major component in synthetic rubber, which
has been shown to be carcinogenic (Huff etal., 1985) and geno-
toxic (Tice et al., 1987) in mice.



Chloroprene, without metabolic activation, was mutagenic to



Salmonella typhimurium strain TA100 (Bartsch et al., 1975) and
TA1530 (Bartsch et al., 1979). This mutagenic activity in Sal-
monella was enhanced by the addition of liver S-9 fractions from
untreated or phenobarbital-treated mice. The mutagenicity of
chloroprene has been attributed to peroxides formed in the pres-
ence of oxygen or to epoxides (2-chloro-l,2-epoxybutane and
2-chloro-3,4-epoxybutane) produced by microsomal enzymes
(Bartsch et al., 1979). Chloroprene was not mutagenic in V79
Chinese hamster cells in vitro (Drevon and Kuroki, 1979), but
did induce sex-linked recessive lethal mutations in Drosophila
melanogaster (Vogel, 1979). In addition, chloroprene induced
dominant lethal mutations in rats and dominant lethal mutations
and bone marrow chromosomal damage in mice (Sanotskii,
1976). Occupational exposure to this chemical has been associ-
ated with a significant increase in the frequency of chromosomal
aberrations in peripheral blood lymphocytes (Sanotskii, 1976;
reviewed by IARC, 1979, 1982). As of 1982, the animal and
human carcinogenicity data associated with exposure to chloro-
prene was considered inadequate by IARC (IARC, 1982).



Surprisingly little information is available about the genotoxic
potential of isoprene. While isoprene, in the presence or absence
of rat liver S-9, was not mutagenic to S. typhimurium (de Meester
et al., 1981; Mortelmans et al., 1986), this compound can be
metabolized by microsomal monooxygenases to the epoxide inter-
mediates— 3,4-epoxy-3-methyl-l-butene and 3,4-epoxy-2-methyl-
1-butene (Del Monte et al., 1985). Further epoxidation of the
latter epoxide yields isoprene diepoxide (Longo et al., 1985).
This intermediate of isoprene metabolism appears to be as potent
a mutagen in Salmonella as diepoxybutane (Gervasi et al., 1985),
a mutagenic metabolite of 1,3-butadiene (Malvoisin and Rober-
froid, 1982). Since biotransformation of isoprene produces muta-
genic epoxide intermediates similar in activity to those produced
by the biotransformation of 1,3-butadiene (Gervasi et al., 1985),
the possibility that isoprene is genotoxic warrants investigation.



To compare the ability of chloroprene and isoprene to induce
genotoxic and cytotoxic damage in vivo, the effect of multiple
inhalation exposures on mouse bone marrow cells was evaluated
using a variety of cytogenetic endpoints. These endpoints in-
cluded: the average generation time (AGT), the mitotic index
(MI) and the frequency of chromosomal aberrations (CA) and
of sister chromatid exhanges (SCE) in bone marrow, and the
percentage of polychromatic erythrocytes (%PCE), and the
frequencies of micronucleated PCE (MN-PCE) and of micro-
nucleated normochromatic erythrocytes (MN-NCE) in peripheral
blood. Increased frequencies of CA (Preston etal., 1983), SCE
(Latt et al., 1983) and/or MN (Heddle et al., 1983) are indicative
of the induction of genotoxic damage while alterations in cellular
proliferation kinetics, MI and %PCE reflect cytotoxic effects,
induced either by genotoxic damage or by an independent mech-
anism^) (Tice and Ivett, 1985).



Materials and methods
Chemicals



Chloroprene (2-chloro-1,3-butadiene, 2-chJorobutadiene, /3-chloroprene; CAS No.
126-99-8; mol. wt 88.54), 98% purity, was manufactured by Denka Chemical
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Scheme 1. Chemical structures of butadiene (1), chloroprene (2) and
isoprene (3).



Company (Houston, TX), while isoprene (2-methyl-l,3-butadiene, 2-methyUivinyl,
2-methylerythrene; CAS No. 78-79-5; mol. wt 68.11), >98% purity, was
manufactured by Goodyear Tire and Rubber Company (Akron, OH). Scheme 1
presents the structure of these two chemicals and that of 1,3-butadiene. The follow-
ing additional chemicals were used in the study: bromodeoxyuridine (BrdUrd)
tablets (Lot {Jo. 699154, Boehringer Mannheim), colchicine (Eli Lilly), Hoechst
33258 (American Hoechst), Giemsa (Harleco) and Metofane* (Pitman-Moore,
Inc.).



Animals



Four to five week old male B6C3F1 mice, obtained from the National Toxicology
Program's production colonies (chloroprene: Taconk Farms, Germantown, NY;
isoprene: Simonsen Laboratories, Gilroy, CA) were acclimatized at Batelle Pacific
Northwest Laboratories (PNL: Richland, WA) for 2 weeks prior to exposure
to the test chemical. The use of two different animal suppliers was due to limi-
tations in availability. The mice were housed for the first 5 days in polycarbonate
cages with filter tops (Lab Products, Maywood, NJ). Ambient temperature was
controlled to 20-24°C, with a relative humidity of 50 ± 15% and a 12-h
photoperiod (light cycle 0600-1800 h). Bedding consisted of sterile hardwood
chips (Sani-chips, PJ Murphy Forest Products Corp., Rochelle, NJ), with feed
(NDH07 diet: Ziegler Brothers, Gardner, PA) and water provided ad libitum. The
mice were toe-clipped for individual identification and individually housed in
stainless steel racks in Hazleton 2000 inhalation chambers, controlled for tem-
perature (23.5 ± 2°Q and humidity (55 ± 15%) and maintained on the same
12-h photoperiod. Throughout the study, mice had access to water ad libitum
during each exposure and to water and feed ad libitum when not undergoing
exposure to chloroprene or to isoprene. Control mice were similarly treated, but
not exposed to either compound.



Experimental protocols
Groups of male mice (15 animals per group) were exposed 6 h per day on 12
days to ambient air, to chloroprene (12, 32, 80, 200 p p.m.) or to isoprene (438,
1750, 7000 p.p.m.). The selection of these concentrations of chloroprene was
based on results from a pilot study in which 100% mortality was observed at
concentrations of 250 p.p.m. and higher, while the concentrations of isoprene
were selected to assess for genotoxic damage over several orders of magnitude
below explosive concentrations. The exposure regimen consisted of three exposure
days, followed by two non-exposure days, followed by five exposure days,
followed by two non-exposure days, followed by four exposure days. Multiple
exposures over a 16-day period with at least three exposure days immediately
prior to sampling eliminated the need for multiple sampling times and permitted
an evaluation of micronucleated erythrocytes in peripheral blood, an assay system
suitable for the analysis of recently induced (i.e. within 1 - 2 days) and chronically
accumulated (i.e. over the duration of the exposure period) bone marrow damage
(Schlegel and MacGregor, 1982; Tice and Ivett, 1985). The chamber concen-
trations of chloroprene and isoprene were monitored at 30 min intervals by gas
chromatography to a detection limit of 0.02 p.p.m.. The daily mean chamber
concentrations were within 3% of the target concentrations. Daily standard
deviations were S6% of the target levels.



Approximately 1 h prior to the 12th exposure, a 50 mg BrdUrd tablet coated
partially ( -70%) with paraffin (McFee et al., 1983) was implanted s.c. into
the right lateral abdominal aspect of each lightly anesthetized (Metofane* ) animal.
The mice used for CA analysis (n = 10) were killed at times ranging from 17
to 20 h after BrdUrd tablet implantation, while the mice used for SCE analysis
(n = 5) were killed 24 h after table implantation. Two hours prior to kill time,
each animal was injected i.p. with 2 mg/kg colchicine. At the time of colchicine
injection, air-dried peripheral blood smears were prepared from each animal,
using undiluted blood obtained by snipping off - 1 mm from the tail, and fixed
in absolute methanol for - 1 min. Mice were killed by cervical dislocation and
the bone marrow removed by flushing both femurs with phosphate-buffered saline
(pH 7.4). The aspirated bone marrow was incubated in 0.075 M KC1 for 25 min
at 37°C, fixed with ice-cold 3:1 methanol:glacial acetic acid, kept on ice and
transported to Brookhaven National Laboratory (BNL). At BNL, the fixed material
was stored at —5 to +4°C until used for slide preparation.



Slide preparation, staining and analysis



Each coded bone marrow sample was washed twice in fixative and flame-dried
slides prepared. Slides were differentially stained using a modified (Tice et al.,
1978) fluorescence-plus-Giemsa technique (Goto et al., 1982). All scoring was
conducted without knowledge of the treatment dose. To examine individual animal
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bone marrow proliferation kinetics, 100 randomly selected metaphase cells (>20
chromosomes) were scored at X250 magnification for rephcative history (i.e.
the number of S phases completed since the time of BrdUrd tablet implantation)
(Tice et al., 1976) Twenty-five second generation metaphase cells per animal
were scored at x 1000 magnification for SCE, with selection being based on good
chromatid differential staining, a lack of overlapping chromosomes, and chromo-
some number (40 ± 3 chromosomes). For CA analysis, 50 first generation
metaphase cells per animal were scored at x 1000 magnification, with selection
being based on uniform staining quality, lack of overlapping chromosomes and
chromosome number (40 ± 3 chromosome). Individual types of aberrations (e.g.
chromatid versus chromosome; gap versus break; rearrangement) were recorded
separately. For MI, the percentage of cells in metaphase among 1000 nucleated
cells in each bone marrow sample was determined at X 1000 magnification. For
micronucleated erythrocyte evaluation, coded peripheral blood smears were stained
with acridine orange (AO), following the AO staining protocol of Kato (1974)
for SCE differentiation. Each slide was scanned at X800 magnification using
epi-illuminated fluorescence microscopy (450-490 nm excitation, 520 nm emis-
sion) for the number of MN-PCE among 1000 PCE, the number of MN-NCE
among 1000 NCE and the percentage of PCE in 1000 erythrocytes.
Statistical analysis



For all statistical analyses, the level of significance was established at an alpha
of 0.05. A one-tailed trend test (Margolin et al., 1986) was used to determine
if a treatment-related increase occurred for CA, SCE or micronucleated erythrocyte
data. For data with a slope in the negative direction, P was set equal to 0.5000.
For AGT, MI and the percentage of PCE data, a two-tailed trend test was used
to determine if a treatment-related effect occurred. For CA, SCE, AGT, MI and
the percentage of PCE data, the ability of the treatment to affect the group mean
values was analyzed by the trend test using individual animal responses. In addition,
for data exhibiting a significant trend, pairwise comparisons between each ex-
posure group and the corresponding concurrent control group were conducted
using the corresponding one-tailed or two-tailed r-test (with the alpha level
Bonferroni-corrected for the appropriate number of multiple comparisons) to deter-
mine the minimal effective dose. For CA data, responses were evaluated as the
percentage of aberration metaphase cells (excluding gaps) and as the number of
aberrations per cell (excluding gaps). For the latter analysis, all aberrations were
considered to have equal weight, regardless of the probable number of breakage
events involved. For the analysis of cellular proliferation kinetics, the proportion
of first, second, and third generation metaphase cells in each bone marrow sample
was transformed into an AGT (Ivett and Tice, 1982) where the AGT = BrdUrd
exposure duration/Replicative Index. The Replicative Index (RI) is equal to 1
times the frequency of first generation metaphase cells + 2 times the frequency
of second generation metaphase cells + 3 times the frequency of third generaUon
metaphase cells + . . . (Schneider and Lewis, 1981). For MN data, the number
of MN-PCE or MN-NCE were summed across animals within each exposure
group and analyzed by a one-tailed trend test (Margolin and Risko, 1987). Ad-
ditionally, pairwise comparisons between each treatment group and the concurrent
control group were conducted using a one-tailed Pearson Chi square test (with
the alpha level Bonferroni-corrected for the appropriate number of multiple
comparisons) to determine the minimal effective dose.



Results
Exposure to isoprene at concentrations of 438, 1750 or 7000
p.p.m. for 6 h per day on 12 days induced a significant increase
in the frequency of SCE in bone marrow cells (Table I) and
of micronucleated erythrocytes in peripheral blood (Table II).
Comparing the data obtained at each concentration against the
concurrent control data indicated that the increases in the levels
of genotoxic damage were significant for both endpoints at all
levels of isoprene evaluated. Pairwise comparisons of SCE and
micronucleated erythrocyte data at 438, 1750 and 7000 p.p.m.
indicated that the SCE responses at each dose were not signifi-
cantly different from one another while the MN-PCE and MN-
NCE responses at the two highest concentrations were not sig-
nificantly different from one another. Exposure to isoprene also
resulted in a lengthening of the bone marrow AGT (Table ITJ)
and in a depression of the percentage of PCE in the peripheral
blood (Table II). The increase in AGT was significant at 7000
p.p.m. only, while the decrease in the rate of erythropoiesis was
dose-dependent and significant, beginning at the lowest concen-
tration of isoprene tested. Although elevated, the increases in the
percentage of metaphase cells containing at least one chromo-
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Table I. Data on



Chemical



Chloroprene



Isoprene



bone marrow



Cone.
(p pm.)



0
12
32
80



200



0
438



1750
7000



chromosomal aberrations and sister



Chromosomal aberration



Total



G'



3
4
5
5



9
10
5



10



CA"



G



0
0
0
0



0
0
0
0



B'



6
5
9
3
lethal



Trend test P



10
16
17
14



Trend test P



data



B"



0
0
0
0



value*



0
0
2
0
value*



chromatid



RR



0
0
0
0



0
0
0
0



exchange frequency



CA/cellb



x ± SE



0.02 ± 0.003
0.01 ± 0.004
0.02 ± 0.010
0.01 ± 0.005



0.5000



0.02 ± 0.008
0.04 ± 0.011
0.05 ± 0.015
0.04 ± 0.007



0.4546



%DC°



x ± SE



1.50 ± 0.327
1.25 ± 0.366
2.00 ± 0.756
0.85 ± 0.526



0.5000



2.25 ± 0.701
3.75 ± 1.031
4.50 ± 1.296
3.50 ± 0.732



0.3683



n



8
8
8
8



8
8
8
8



SCE frequency1



x ± SE



5.06 ± 0.213
6.37 ± 0.827
4.61 ± 0.426
3.94 ± 0.329



0.5000



4.40 ± 0.215
14.84 ± 1.909'
11.61 ± 0 261f



13.98 ± 0.577f



0.0459*



n



4
4
4
4



4
4
4
4



Abbreviations: G', G" = chromatid and isochromatid gaps, respectively; B', B" = chromatid and isochromatid breaks, respectively; RR = chromatid
rearrangement, %DC = percentage of damaged cells; n = number of animals.
aFifty first generation post-treatment metaphase cells analyzed per animal.
bMean number of chromosomal aberrations per cell (excluding gaps) ± the standard error of the mean among n animals. Simple and complex aberrations are
combined without attempUng to correct for the probable number of breakage events involved.
cMean percentage of metaphase cells with at least one aberration (excluding gaps) ± the standard error of the mean among n animals.
dGroup mean SCE/cell frequency ± the standard error of the mean among n animals. Twenty-five second generation metaphase cells were analyzed per
animal.
CP value determined by a one-tailed trend test using individual animal data. For data with a negative slope, the P value is set equal to 0.5000.
fP value significant at a = 0.017 (a = 0.05 Bonferroni-corrected for three pairwise comparisons) using a one-tailed /-test based on individual animal data.
*P value significant at a = 0.05.



Table II. Data on peripheral



Chemical



Chloroprene



Trend test P value11



Isoprene



Trend test P valued



blood micronucleated



Concentration
(p.p.m.)



0
12
32
80



200



0
438



1750
7000



erythrocyte frequency and



MN-PCE1



x ± SE



2.07 ± 0.316
3.14 ± 0.501
2.20 ± 0.536
2.60 ± 0.456



lethal
0.3942



2.00 ± 0.338
12.00 ± 0.662c



15.60 ± 1.068'
16.93 ± 1.003*



0.0001f



the percentage of PCE



MN-NCEb



x ± SE



3.00 ± 0.414
2.57 ± 0.453
1.72 ± 0.284
2.80 ± 0.368



0.4542



1.47 ± 0.236
5.20 ± 0.619*
6.40 ± 0.689*
6.93 ± 0.934*



0.0001f



%PCEC



x ± SE



3.23 ± 0.227
3.95 ± 0.197
4.01 ± 0.420
3.65 ± 0.210



0.6444



3.91 ± 0.191
3.00 ± 0.116*
2.87 ± 0.143*
1.64 ± 0.095*



0.0001f



n



15
14
15
15



15
15
15
14



Abbreviations: MN-PCE = micronucleated polychromatic erythrocytes; MN-NCE = micronucleated normcchromatic erythrccytes; %PCE = percentage of
polychromatic erythrocytes; n = number of animals.
•Group mean number of MN-PCE per 1000 PCE ± the standard error of the mean among n animals.
bGroup mean number of MN-NCE per 1000 NCE ± the standard error of the mean among n animals.
cGroup mean percentage of PCE per 1000 erythrccytes ± the standard error of the mean among n animals.
aP value determined for MN-PCE and MN-NCE using a one-tailed trend test based on the total number of MN-NCE and MN-PCE in all NCE and PCE
examined, respectively, and P value determined for %PCE using a two-tailed trend test based on individual animal data. For data with a negative slope in the
one-tailed trend test, the P value is set equal to 0.5000.
*Significantly different from concurrent control data at a = 0.017 (a = 0.05 Bonferroni-corrected for three pairwise comparisons) based on a one-tailed
Pearson Chi-square test using pooled data for MN-PCE and MN-NCE, and based on a two-tailed /-test using individual animal data for %PCE.
•Significantly different at or = 0.05.



somal aberration (excluding gaps) or in the number of aberrations
per cell (excluding gaps) in the bone marrow of isoprene-exposed
animals were not significant (Table I). Finally, the bone marrow
MI was not significantly altered in mice exposed to isoprene
(Table HI).



Exposure to chloroprene at 200 p.p.m. resulted in a 100%
incidence of mortality by the end of the exposure period. Chloro-



prene at 12, 32 or 80 p.p.m. neither caused a significant increase
in any cytogenetic measure of genotoxic damage (Tables I, II)
nor a significant alteration either in the frequency of peripheral
blood PCE (Table U) or in the bone marrow AGT (Table HI).
However, the bone marrow Ml was elevated in chloroprene-
exposed animals (Table HI), with the increase being significant
only at the highest dose evaluated (i.e. 80 p.p.m.).
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Fig. 1. Comparison of the ability of 1,3-butadiene, chloroprene and isoprene to induce genotoxk damage in the bone marrow of male B6C3F1 mice.
Symbols: 1,3-butadiene = solid line; chloroprene = dashed line; isoprene = dotted line; square = CA; triangle = MN-PCE; circle = SCE. Solid symbols
indicate group mean values significantly different from corresponding control values at a = 0.05, Bonferroni corrected to 0.0167.



Discussion
Exposure to chloroprene induces mutations in Salmonella (Bartsch
et al., 1975, 1979), Drosophila (Vogel, 1976) and rodents (Sanot-
skii, 1976), and is associated with clastogenic damage in the
peripheral blood lymphocytes of occupationally-exposed workers
(Sanotskii, 1976; reviewed in IARC, 1979, 1982). Isoprene, on
the other hand, is ineffective in inducing mutations in Salmonella
either with or without rat liver S-9 (de Meester et al., 1981;
Mortelmans et al., 1986). However, isoprene diepoxide, an inter-
mediate of isoprene biotransformation (Longo et al., 1985), is
mutagenic in Salmonella (Gervasi et al., 1985). In the studies
reported here, isoprene, but not chloroprene, was found to be
genotoxic and cytotoxic to mouse bone marrow in vivo—inducing
SCE and MN, inhibiting cellular proliferation and suppressing
the rate of erythropoiesis.



As isoprene and chloroprene are close structural analogs of
1,3-butadiene (CH2 = CH - CH = CH2), a potent carcinogen
in B6C3F1 mice (Huff etal., 1985), a comparison of the relative
effect of these three chemicals may be informative with regard
to the potential carcinogenic activity of chloroprene and isoprene.
The cytogenetic and cytotoxic effects of 1,3-butadiene admin-
istered to mice of the same strain and under similar exposure
conditions has been reported recently (Tice et al., 1987). Chloro-
prene was the most lethal of the three chemicals. However, the
highest non-lethal exposure concentration tested (80 p.p.m.) did
not produce any evidence of genotoxic damage in bone marrow.
In contrast, isoprene was much less lethal to B6C3F1 mice, and
all mice exposed to 7000 p.p.m. survived the 2-week exposure
period. Although the elevation in the frequency of cells with



Table III.



Chemical



Data on bone marrow average generation



Concentration
(p.p.m.)



AGT (h)'



x ± SE n



time



MI



X



and



(%)
±



mitotic



b



SE



index



n



Chloroprene 0
12
32
80



200
Trend test P valuec



Isoprene 0
438



1750
7000



Trend test P value0



10.57 ± 0.468 15 2.00 ± 0.228
11.16 ± 0.539 11 1.51 ± 0.245
10.71 ± 0.326 15 2.07 ± 0.175
10.71 ± 0.597 15 3.15 ± 0.342d



lethal



15
14
15
15



0.4706



11.68 ± 0.342
12.98 ± 0.498
12.73 ± 0.483
13.72 ± 0.361d



0.0098*



0.0001e



15 1.15 ± 0.156 15
15 1.09 ± 0.141 15
15 1.05 ± 0.110 15
14 1.30 ± 0.140 14



0.2710



"Group mean average generation time (h) ± the standard error of the mean
among n animals. One hundred metaphase cells were analyzed for
replicative history per animal.
bGroup mean average mitotic index ± the standard error of the mean
among n animals. One thousand nucleated cells were analyzed per animal.
CP value determined by a two-tailed trend test using individual animal data.
dP value significant at a = 0.017 (a = 0.05 Bonferroni-corrected for three
pairwise comparisons) using a two-tailed /-test based on individual animal
dala.
CP value significant at a = 0.05.



chromosomal aberrations was not significant, both the frequencies
of SCE and of micronucleated erythrocytes were significantly
elevated at all three exposure concentrations (438—7000 p.p.m.).
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For these two genotoxicity endpoints, the response curve pla-
teaued with increasing exposure concentration. In comparison,
1,3-butadiene at exposure concentrations of 6.25, 62.5 and 625
p.p.m. induced a concentration-dependent increase in all three
cytogenetic manifestations of genotoxic damage (Tice et al.,
1987). The magnitudes of the effects induced by 1,3-butadiene
were considerably greater than that resulting from exposure to
isoprene (Figure 1).



The lack of genotoxicity in the bone marrow of chloroprene-
exposed mice is inconsistent with the reported findings of Sanot-
skii (1976). In those studies, exposure to chloroprene vapors at
concentrations between 0.036 and 0.97 p.p.m. for 2 months
induced a significant increase in the frequency of chromosomal
aberrations in the bone marrow cells of male C57BL/6 mice.
The difference in results may be due to differences in exposure
duration and/or in the strain of mice used to evaluate the in vivo
genotoxicity of chloroprene. Considering chloroprene's direct
mutagenic activity in Salmonella, an assessment of genotoxic
damage in cells exposed directly to chloroprene (i.e. in the lung)
might reveal evidence of cytogenetic damage. The lack of an in
vivo bone marrow response suggests, in this strain of mice,
limited distribution and/or detoxification of chloroprene and one
or more of its genotoxic metabolites.



The increased occurrence of micronucleated erythrocytes in
the peripheral blood of isoprene-exposed animals concomitant
with an increase in SCE frequency in bone marrow cells is con-
sistent with the induction of DNA damage by a S-phase-dependent
clastogen (Latt et al., 1983; Preston et al., 1983). The signifi-
cantly increased frequency of micronucleated erythrocytes in the
peripheral blood and the lack of a significantly increased fre-
quency of chromosomal damage in bone marrow cells in these
mice can be explained by the relative statistical power of the two
cytogenetic assays and/or by the possibility that some of the
micronuclei arise through non-clastogenic mechanisms (Heddle
et al., 1983). The lack of a significant difference in the induced
SCE frequencies at 438, 1750 and 7000 p.p.m. and in induced
micronucleated erythrocyte frequencies at 1500 and 7000 p.p.m.
isoprene suggests a saturation in the intrinsic capacity of male
B6C3F1 mice to metabolize isoprene to one or more reactive
species. Consistent with this interpretation, a recent pharmaco-
kinetic evaluation of isoprene inhaled by male B6C3F1 mice
concluded that metabolism of isoprene is directly proportional
to atmospheric concentrations below 300 p.p.m. and saturates
at concentrations above 2000 p.p.m. (Peter et al., 1987).



In the bone marrow, the AGT measures the average cell cycle
duration for the proliferating cell populations while the MI is
a measure of the proportion of proliferating cells. The percent-
age of PCE in peripheral blood is a measure of the overall rate
of erythropoiesis (medullary and extramedullary). In contrast to
the dose-independent induction of SCE and MN-PCE, exposure
to isoprene resulted in a dose-dependent decline in the percent-
age of peripheral blood PCE. The fact that the suppression of
erythropoiesis was dose-dependent and did not saturate over the
dose range tested may indicate the involvement of different metab-
olites of isoprene and different metabolic pathways in the induc-
tion of genotoxic and cytotoxic damage. The lack of a significant
alteration in the bone marrow MI of isoprene-exposed mice
suggests that the delay in cell cycle, as indicated by the increase
in AGT, may be involved in the decreased rate of erythropoiesis.
However, it must be remembered that the AGT and MI are
measured in cell populations that may be responding primarily
to the last day of exposure, while the percentage of PCE in the
peripheral blood reflects events which occurred at least 2 days



prior to the sampling. In contrast to the decline in the percent-
age of PCE in the peripheral blood of mice exposed to isoprene,
a significant increase in the percentage of peripheral blood PCE
was observed among mice exposed to 1,3-butadiene over approxi-
mately the same length of time (Tice et al., 1987). This in-
creased hematopoietic activity was the result of extramedullary
erythropoiesis in the spleens of 1,3-butadiene-exposed mice
(Thurmond et al., 1986), presumably in response to the severity
of the initial hematopoietic suppression (Cunningham et al.,
1986). An increase in the frequency of bone marrow cells at
metaphase at 80 p.p.m. was the only significant response ob-
served among the chloroprene-exposed mice, a response which
occurred in the absence of a significant alteration in the rate of
cellular proliferation. This increase in the MI may indicate the
mobilization of a segment(s) of the hematopoietic system in
response to some kind of systemic toxicity.



In conclusion, the results of this study indicate that isoprene,
but not chloroprene, is genotoxic and cytotoxic to bone marrow
cells of male B6C3F1 mice exposed to inhalation under multiple
exposure conditions. The results of the statistical analyses indicate
that SCE and micronucleated erythrocyte formation were equally
sensitive as indicators of isoprene-induced bone marrow genotoxic
damage. If the magnitude of the in vivo genetic damage induced
by genotoxic chemicals is indicative of carcinogenic potential,
then isoprene, when compared to 1,3-butadiene, should result
in a weaker tumorigenic response in male B6C3F1 mice and the
yield of tumors could be expected to be largely independent of
exposure concentration at isoprene levels >438/1750 p.p.m.
Chloroprene, an in vitro genotoxin, showed no evidence of geno-
toxic activity in bone marrow in vivo. Potential carcinogenic
responses to this compound in male B6C3F1 mice may be limited
to directly exposed tissues or to sites of metabolic conversion
to reactive intermediates. An evaluation of the genetic toxicity
of chloroprene under low-dose chronic conditions and/or with
C57BIJ6 mice is required to make a direct comparison to the
positive findings of Sanotskii possible.
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PREFACE



The U.S. EPA’s Risk Assessment Forum (Forum) is publishing the Supplemental



Guidance for Conducting Health Risk Assessment of Chemical Mixtures as a supplement to the



EPA’s Guidelines for the Health Risk Assessment of Chemical Mixtures (Guidelines)(U.S. EPA,



1986) (Appendix A).  The 1986 Guidelines represent the Agency's science policy and are a



procedural guide for evaluating data on the health effects from exposures to chemical mixtures. 



The principles and concepts put forth in the Guidelines remain in effect.  However, where the



Guidelines describe broad principles and include few specific procedures, the present guidance is



a supplement that is intended to provide more detail on these principles and procedures.



To address concerns over health risks from multichemical exposures, the U.S.



Environmental Protection Agency published the Guidelines for the Health Risk Assessment of



Chemical Mixtures in 1986 (U.S. EPA, 1986) (Appendix A).  The Guidelines describe broad



concepts related to mixture exposure and toxicity and include few specific procedures.  In 1989



EPA published guidance for the Superfund program on hazardous waste that gave practical steps



for conducting a mixtures risk assessment (U.S. EPA, 1989a).  Also in 1989, EPA published the



revised document on the use of Toxicity Equivalence Factors for characterizing health risks of



the class of chemicals including the dibenzo-dioxins and dibenzofurans (U.S. EPA, 1989b).  In



1990, EPA published a Technical Support Document to provide more detailed information on



toxicity of whole mixtures and on toxicologic interactions (e.g., synergism) between chemicals in



a binary (two-chemical) mixture (U.S. EPA, 1990).  The concept of toxicologic similarity was



also discussed. The Environmental Criteria and Assessment Office (now the National Center for



Environmental Assessment) followed this with the production of a Technical Support Document



on Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1990b).



This supplementary guidance document is a result of several influences.  Because the



science of environmental risk assessment has continued to evolve and EPA has learned from an



array of experiences, the Agency charged the Risk Assessment Forum with developing guidance



on challenging issues such as cumulative risk assessment.  Part of the Forum’s response to this



charge was to establish a Technical Panel to ensure that the advances in the area of chemical



mixtures health risk assessment are reflected in Agency-wide guidance materials.  Through the



evaluation of waste sites for mixtures risks it has become apparent that the exposure scenarios for



these sites are extremely diverse.  Moreover, the quality and quantity of pertinent information



available for risk assessment has varied considerably for different mixtures.  Other Agency and



external  initiatives have influenced the development of the chemical mixtures supplementary



guidance: 
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� The National Academy of Sciences has issued a recommendation to move away



from single-chemical assessments. (NRC, 1994)



� In 1997, EPA’s Science Policy Council issued a policy statement on cumulative risk



assessment. This policy addressed the first step in the overall assessment process



(i.e., problem formulation) (U.S. EPA, 1997a).



� Siting activities have raised the issue of multiple chemical exposures. Parties are



concerned not only about what risks are associated with releases from a particular



facility, but also the potential combined effects of exposures from other sources in



the area.



� EPA’s research strategy for 2000 and beyond emphasizes research on chemical



mixtures.



When the 1986 Guidelines were published, the Agency recognized that the Guidelines



would need to be updated as the science of chemical mixture assessment evolved.  Research



efforts were undertaken immediately and by 1988 Agency offices were discussing revision



topics.  By 1989, under the auspices of the Risk Assessment Forum, efforts were underway to



revise the Guidelines.  Updates to the Guidelines were reviewed in a June 1997 Internal Risk



Assessment Forum Review Draft of the Guidance on Health Risk Assessment of Chemical



Mixtures.  The Technical Panel revised the document in accordance with comments received



during the July 1997 review.  In June 1998 the Forum sponsored an Agency review and



colloquium.  Over the next months the Technical Panel worked with commenters to address



issues raised during the 1998 colloquium to prepare the document for external peer review.  It



was determined at this time that the broad principles and concepts put forth in the 1986



Guidelines remained applicable, but needed more detail.   As a result it was determined that the



document would supplement, and not replace the 1986 Guidelines.  An external peer review was



convened in May 1999.  Twelve independent experts representing consulting, academia, industry,



the U.S. Department of Health Agency for Toxic Substances and Disease Registry, and the TNO



Nutritional and Food Research Institute of the Netherlands, reviewed the revised supplementary



document dated April 1999.  The experts provide comments that reflected their experience and



expertise in toxicology, mechanistic and pharmacokinetic modeling, statistics, and risk



assessment (risk assessment of chemical classes, of complex and unidentifiable mixtures, and of



multi-chemical exposures at Superfund sites).  Their comments are documented in the report



entitled, Report of the Peer Review Workshop on the Guidance for Conducting Health Risk
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Assessments of Chemical Mixtures (Eastern Research Group Inc., 1999). During the summer of



1999 the Technical Panel considered comments from the external experts and from the Forum in



revising and reorganizing the supplementary document. This series of internal and external



reviews has ensured that the supplementary guidance is consistent with related science and



Agency guidance developments.  



After an abbreviated overview of the background and scope, the Supplementary Guidance



for Conducting Health Risk Assessment of Chemical Mixtures document puts forth the risk



assessment paradigm for mixtures.  This paradigm begins with problem formulation, then briefly



discusses hazard identification, dose-response assessment, exposure, and risk characterization. 



The document is organized according to the type of data available to the risk assessor, ranging



from data-rich to data-poor situations.  (See Figure 2-1).  Procedures are described for assessment



using data on the mixture of concern, data on a toxicologically similar mixture, and data on the



mixture component chemicals.  The state of the science varies dramatically for these three



approaches.  The whole-mixture procedures are most advanced for assessing carcinogenic risk,



mainly because of the long use of in vitro mutagenicity tests to indicate carcinogenic potency.  In



vitro test procedures for noncancer endpoints are still in the pioneering stage.  In contrast, the



component-based procedures, particularly those that incorporate information on toxicologic



interactions, are most advanced for noncarcinogenic toxicity.  No single approach is



recommended in this supplementary guidance.  Instead, guidance is given for the use of several



approaches depending on the nature and quality of the data.  The appendices contain definitions,



a discussion on toxicologic interactions and pharmacokinetic models, and a reprint of the 1986



Guidelines.
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EXECUTIVE SUMMARY



This supplementary guidance document is organized according to the type of data



available to the risk assessor, ranging from data rich to data poor situations.  This organization



reflects the approaches to chemical mixture risk assessment recommended in the 1986 



Guidelines for the Health Risk Assessment of Chemical Mixtures (Appendix A).  This document



describes more detailed procedures for chemical mixture assessment using data on the mixture of



concern, data on a toxicologically similar mixture, and data on the mixture component chemicals. 



The state-of-the-science varies dramatically for these three approaches.  It is recommended that



the risk assessor implement several of the approaches that are practical to apply and evaluate the



range of health risk estimates that are produced.



This document suggests that the selection of a chemical mixture risk assessment method



follows the outline in the flow chart shown in Figure 2-1, which begins with an assessment of



data quality and then leads the risk assessor to selection of a method through evaluation of the



available data.  The major concerns for the user are whether the available data are on components



or whole mixtures, whether the data are composed of either similar components or similar



mixtures that can be thought of as acting by similar toxicologic processes, and whether the data



may be grouped by emissions source, chemical structure, or biologic activity.  Method-specific



user fact sheets for quantitative risk assessment can be found in Sections 2.5 and 2.6 and are



intended to provide a concise overview of each currently available method.  These fact sheets



provide the following information relative to the risk assessment approach:



� Type of Assessment



� Data Requirements



� Section(s)



� References



� Strategy of Method



� Ease of Use



� Assumptions



� Limitations



� Uncertainties



In Figure 2-1, an evaluation of the data may lead the user to decide that only a qualitative



analysis should be performed.  This generally occurs in cases where data quality is poor,



inadequate quantitative data are available, data on a similar mixture cannot be classified as
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“sufficiently similar” to the mixture of concern, exposures cannot be characterized with



confidence, or method-specific assumptions about the toxicologic action of the mixture or of its



components cannot be met.  When this occurs, the risk assessor can still perform a qualitative



assessment that characterizes the potential human health impacts from exposure to that mixture. 



Such a risk characterization should discuss each element of the risk assessment paradigm,



including available information on the mixture itself, on its components, and on potential



interactions among the components.  Any information on fate and transport of the mixture that



would affect its final composition at the time of exposure should be noted.



The assessment of chemical mixtures is an area of active scientific investigation.  As new



information relevant to health risk from exposure to chemical mixtures becomes available,



additional guidance documents will be published.
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1.  INTRODUCTION



1.1.  BACKGROUND



Although some potential environmental hazards involve significant exposure to only a



single compound, most instances of environmental contamination involve concurrent or



sequential exposures to a mixture of compounds that may induce similar or dissimilar effects



over exposure periods ranging from short-term to lifetime.  For the purposes of this guidance



document, a mixture will be defined as any combination of two or more chemical substances,



regardless of source or of spatial or temporal proximity, that can influence the risk of chemical



toxicity in the target population (U.S. EPA, 1986).  In some instances, the mixtures are highly



complex, consisting of scores of compounds that are generated simultaneously as by-products



from a single source or process (e.g., coke oven emissions and diesel exhaust).  In other cases,



complex mixtures of related compounds are produced as commercial products (e.g., PCBs,



gasoline and pesticide formulations) and eventually released into the environment.  Another



category of mixtures consists of compounds, often unrelated chemically or commercially, that are



placed in the same area for disposal or storage, and have the potential for combined exposure to



humans.   Multichemical exposures are ubiquitous, including air and soil pollution from



municipal incinerators, leakage from hazardous waste facilities and uncontrolled waste sites, and



drinking water containing chemical substances formed during disinfection.



To address concerns over health risks from multichemical exposures, the U.S.



Environmental Protection Agency, hereafter referred to as EPA, issued Guidelines for the Health



Risk Assessment of Chemical Mixtures in 1986 (U.S. EPA, 1986) (Appendix A).  Those



Guidelines described broad concepts related to mixture exposure and toxicity and included few



specific procedures.  In 1989, EPA published guidance for the Superfund program on hazardous



waste that gave practical steps for conducting a mixtures risk assessment (U.S. EPA, 1989a). 



Also in 1989, EPA published the revised document on the use of Toxicity Equivalence Factors



for characterizing health risks of the class of chemicals including the dibenzo-dioxins and



dibenzofurans (U.S. EPA, 1989b).  In 1990, EPA published a Technical Support Document to



provide more detailed information on toxicity of whole mixtures and on toxicologic interactions



(e.g., synergism) between chemicals in a binary (two-chemical) mixture (U.S. EPA, 1990).  The



concept of toxicologic similarity was also discussed.



As more waste sites were evaluated for mixtures risks, it became apparent that the



exposure scenarios for these sites were extremely diverse.  Moreover, the quality and quantity of



pertinent information available for risk assessment varied considerably for different mixtures. 



Such difficulties continue.  Occasionally, the chemical composition of a mixture is well



characterized, levels of exposure to the population are known, and detailed toxicologic data on
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the mixture are available.  Most frequently, some components of the mixture are unknown,



exposure data are uncertain or vary over time, and toxicologic data on the known components of



the mixture are limited.  Consequently, this document has been developed to supplement the



earlier guidance documents and is organized according to the type of data available to the risk



assessor, ranging from data-rich to data-poor situations.  Procedures are described for assessment



using data on the mixture of concern, data on a toxicologically similar mixture, and data on the



mixture component chemicals.  The state of science varies dramatically for these three



approaches.  The whole-mixture procedures are most advanced for assessing carcinogenic risk,



mainly because of the long use of in vitro mutagenicity tests to indicate carcinogenic potency.  In



vitro test procedures for noncancer endpoints are still in the pioneering stage.  In contrast, the



component-based procedures, particularly those that incorporate information on toxicologic



interactions, are most advanced for noncarcinogenic toxicity.



Mixture risk assessments usually involve substantial uncertainties.  If the mixture is



treated as a single complex substance, these uncertainties range from inexact descriptions of



exposure to inadequate toxicity information.  When viewed as a simple collection of a few



component chemicals, the uncertainties include the generally poor understanding of the



magnitude and nature of toxicologic interactions, especially those interactions involving three or



more chemicals.  Because of these uncertainties, the assessment of health risk from chemical



mixtures should include a thorough discussion of all assumptions and the identification, when



possible, of the major sources of uncertainty.  No single approach is recommended in this



supplementary guidance.  Instead, guidance is given for the use of several approaches depending



on the nature and quality of the data.



1.2.  OVERVIEW



The primary purpose of this document is to generate a consistent Agency approach for



assessing health risks from exposures to multiple chemicals, denoted in this guidance by the



general term “mixtures.”  The resulting mixtures risk assessments are intended to assist decision



makers by characterizing health risks for the particular exposure conditions of interest.  Because



exposure scenarios and the available supporting data are highly diverse, this document has been



developed as a procedural guide that emphasizes broad underlying principles of the various



science disciplines (environmental chemistry, toxicology, pharmacology, statistics) necessary for



providing information on the relationship between multichemical exposure and potential health



effects.  Specific approaches to be used for the evaluation of the various kinds of mixture data are



also discussed.



This document addresses only risks to human health from multichemical exposures. 



Ecological effects are beyond its scope, even though many of the procedures might be adaptable
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to ecological risk assessment from multiple stressors.  Because other Agency guidelines exist that



address exposure assessment and specific toxic endpoint evaluations, this guidance focuses on



procedures for dose-response assessment and risk characterization.



It is not the intent of this guidance document to regulate any social or economic aspects



concerning risk of injury to human health or the environment caused by exposure to a chemical



agent(s).  All such action is addressed in specific statutes and federal legislation and is



independent of this guidance.



This guidance document represents a supplement to the original Guidelines of 1986 and



is intended to reflect the evolutionary scientific development in the area of chemical mixtures



risk assessment.  New guidance has been provided that gives more specific details on the nature



of the desired information and the procedures to use in analyzing the data.  Among these are



methods for using whole-mixture data on a toxicologically similar mixture, methods for



incorporating information on toxicologic interactions to modify a Hazard Index (HI), and



generalized procedures for mixtures involving classes of similar chemicals.  There are also



expanded discussions of the concerns when using only whole-mixture data as well as when using



only data on the individual chemical components.



The assessment of chemical mixtures is an area of active scientific investigation.  Some



of the procedures herein for chemical mixtures have had little or no application to date in actual



health risk assessments.  Their use is encouraged, along with research on new procedures to



improve or replace those discussed here.  As new information relevant to health risk from



exposure to chemical mixtures becomes available, additional guidance documents will be



published.
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2.  APPROACH TO RISK ASSESSMENT OF CHEMICAL MIXTURES



2.1.  THE RISK ASSESSMENT PARADIGM FOR MIXTURES



Human health risk assessments done by EPA generally follow the paradigm established



by the National Academy of Sciences (NRC, 1983).  This paradigm describes a group of



interconnected processes for performing a risk assessment that include hazard identification,



dose-response assessment, exposure assessment, and risk characterization.  These four parts of



the paradigm are used as the foundation for the procedures presented in this guidance.  Preamble



to all is problem formulation, which is defined in EPA’s (1998a) Ecological Risk Assessment



Guidelines as “a process for generating and evaluating preliminary hypotheses about



why...effects have occurred or may occur.”  This EPA guidance for assessing risks from



exposures to chemical mixtures begins with problem formulation as the initial step; much of the



information about this key step has been adapted from the Ecological Risk Assessment



Guidelines, and the reader is referred to Chapter 3 of that document for a more comprehensive



discussion (U.S. EPA, 1998a). 



2.1.1.  Problem Formulation



Problem formulation, which provides the foundation for the entire risk assessment,



consists of three initial steps: (1) evaluate the nature of the problem, (2) define the objectives of



the risk assessment, and (3) develop a data analysis and risk characterization plan.  The quality,



quantity, and pertinence of information will determine the course of problem formulation.  It



concludes with three products:  (1) selection of assessment endpoints, (2) review of the



conceptual models that describe the relationship between exposure to a mixture of chemicals and



risk, and (3) adjusting the analytic plan.  (The pertinence of the information that is available at



the outset of the assessment, in combination with the assessment objectives, will identify the



types of  information that should be collected through the analytic plan.)  Ideally, the problem is



formulated jointly by risk analysts and risk managers.  While the steps and outcomes associated



with problem formulation are presented separately, experiences from ecological applications and



Superfund site assessments show the process to be frequently interactive and iterative rather than



linear.



2.1.2.  Hazard Identification and Dose-Response Assessment



In hazard identification, available data on biological endpoints are used to determine if a



material is likely to pose a hazard to human health.  These data are also used to define the type of



potential hazard (e.g., does the material induce tumor formation or act as a kidney toxicant).  In



the dose-response assessment, data (most often from animal studies and occasionally from
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human studies) are used to estimate the amount of material that may produce a given effect in



humans.  The risk assessor may calculate a quantitative dose-response relationship usable for



low-dose exposure, often by applying mathematical models to the data.



2.1.3.  Exposure



The exposure assessment seeks to determine the extent to which a population is exposed to



the material.  Exposure assessment uses available data relevant to population exposure, such as



emissions data, measurement of the material in environmental media, and biomarker information. 



Fate and transport of the material in the environment, as well as media, pathways, and routes of



exposure, may all be considered in the exposure assessment.  Data limitations on the



environmental concentrations of interest often necessitate the use of modeling to provide relevant



estimates of exposure.



2.1.4.  Risk Characterization and Uncertainty



Risk characterization is the integrating step in the risk assessment process that



summarizes assessments of effects on human health and ecosystems and assessments of exposure



from multiple environmental media, identifies human subpopulations or ecological species at



elevated risk, combines these assessments into characterizations of human and ecological risk,



and describes the uncertainty and variability in these characterizations.  In March 1995, the



Administrator of EPA issued the Policy for Risk Characterization at the U.S. Environmental



Protection Agency (U.S. EPA, 1995).  The purpose of this policy statement was to ensure that



critical information from each stage of a risk assessment be presented in a manner that provides



for greater clarity, transparency, reasonableness, and consistency in risk assessments.  Most of



the 1995 Policy for Risk Characterization at the U.S. EPA was directed toward assessment of



human health consequences of exposures to an agent.  Key aspects of risk characterization



identified in the 1995 Policy for Risk Characterization at the U.S. EPA include these: bridging



risk assessment and risk management, discussing confidence and uncertainties, and presenting



several types of risk information.  Another publication, Science and Judgment in Risk Assessment



(NRC, 1994), produced primarily for implementation of the 1990 Amendment to the Clean Air



Act but applicable more generally, emphasized that the goal of risk characterization is to provide



understanding of the type and magnitude of potential adverse effects of an agent under the



particular circumstances of its release.



2.1.5.  Incorporating the Paradigm Into Mixtures Guidance



EPA regularly publishes guidelines to provide for consistency of application and



communication of risk assessment.  Guidelines were published in 1986 on assessment of the
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following areas:  exposure,  developmental effects, germ cell mutagenicity, carcinogenic effects,



and chemical mixtures (U.S. EPA, 1986, 1987).  Since that time, the Agency has revised some of



these Guidelines and also published new Guidelines.  These include Guidelines on



developmental toxicity (U.S. EPA, 1991a), exposure assessment (U.S. EPA, 1992), cancer



(proposed revisions) (U.S. EPA, 1996a), reproductive toxicity (U.S. EPA, 1996c), and



neurotoxicity (U.S. EPA, 1998b).  All of the EPA guidelines for human health risk assessment



incorporate the four parts of the NAS paradigm.



For this supplemental guidance on the risk assessment of chemical mixtures, the four



parts of the paradigm are interrelated and will be found within the assessment techniques that are



presented.  For some methods described herein, assessment of dose-response relies both on



decisions in the area of hazard identification and on assessment of potential human exposures. 



For mixtures, the use of pharmacokinetics data and models in particular differs from single-



chemical assessment, where they are often part of the exposure assessment.  For mixtures, the



dominant mode of toxicologic interaction is the alteration of pharmacokinetic processes, which



strongly depends on the exposure levels of the mixture chemicals.  In this guidance, there has



been no effort to categorize methods strictly or arbitrarily into one part of the paradigm.  The



methods are organized instead according to the type of available data.  In general, risk



characterization takes into account both human health and ecological effects, and also assesses



multiroute exposures from multiple environmental media.  This guidance focuses only on the



human health risk assessment for chemical mixtures and only discusses multiroute exposures in



terms of conversions from dermal to oral.



2.2.  PROCEDURE FOR SELECTING A RISK ASSESSMENT METHOD



2.2.1.  Introduction



The 1986 Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA,



1986) (Appendix A) recommend three approaches to quantitative health risk assessment of a



chemical mixture, depending upon the type of available data.  In the first approach, toxicity data



on the mixture of concern are available; the quantitative risk assessment is done directly from



these preferred data.  In the second approach, when toxicity data are not available for the mixture



of concern, the Guidelines recommend using toxicity data on a “sufficiently similar” mixture.  If



the mixture of concern and the proposed surrogate mixture are judged to be similar, then the



quantitative risk assessment for the mixture of concern may be derived from health effects data



on the similar mixture.  Finally, the third approach is to evaluate the mixture through an analysis



of its components, e.g., using dose addition for similarly acting chemicals and response addition



for independently acting chemicals.  These procedures include a general assumption that



interaction effects at low dose levels either do not occur at all or are small enough to be
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insignificant to the risk estimate.  The Guidelines recommend the incorporation of interactions



data when available, if not as part of the quantitative process, then as a qualitative evaluation of



the risk.



No single approach is recommended in this guidance document.  Instead, guidance is



given for the use of several approaches depending on the nature and quality of the available data,



the type of mixture, the type of assessment being made, the known toxic effects of the mixture or



of its components, the toxicologic or structural similarity of mixtures or of mixture components,



and the nature of the environmental exposure.  The approaches presented herein represent a mix



of well-known, routine methods with several newer, less well-established techniques.  As a



collection, they provide the risk assessor with a number of reasonable options for evaluating risk



for chemical mixtures.



2.2.2.  Steps for Selection



This guidance suggests that the selection of a chemical mixture risk assessment method



follow the outline in the flow chart shown in Figure 2-1, which begins with an assessment of data



quality and then leads the risk assessor to selection of a method through evaluation of the



available data.  The major concerns for the user are whether the available data are on components



or whole mixtures, whether the data are composed of either similar components or similar



mixtures that can be thought of as acting by similar toxicologic processes, whether the mixture



components act by the same mode of action or are functionally independent, or whether the data



may be grouped by emissions source, chemical structure, or biologic activity.



This document is organized around the decision points in Figure 2-1, so that the user can



refer to specific sections and find guidance on the issues to consider when working through the



flow chart.  Appendix B also offers the user a number of definitions to help clarify the



terminology that is unique to chemical mixtures risk assessment.  Table B-1 presents chemical



mixture definitions in terms of specific criteria including the complexity of the mixture,



similarity of biologic activity, similarity of chemical structure or mixture composition, the



environmental source of the mixture, toxic endpoint, etc.  Table B-2 provides definitions for



terms that are used to describe various types of toxicologic interactions including forms of



additivity, antagonism, synergism, and other toxicologic phenomena.  



Method-specific user fact-sheets in Sections 2.5 and 2.6 are intended to provide a concise



overview of each currently available method.  These fact-sheets provide the following



information relative to the risk assessment approach:



� Type of Assessment: distinguishes whether the approach is a dose-response
assessment or whether it combines dose response and exposure information to
perform a risk characterization.











-8-











-9-



� Data Requirements: details the types and amount of data that are needed to carry
out the procedure.



� Section(s): refers the user to sections of this document that provide greater detail
on the approach.



� References: cites reports or publications in which the approach has been applied
in practice or indicates that this is a new procedure.



� Strategy of Method: provides concise directions on how the calculations are
performed.



� Ease of Use: gives a sense of how much effort, expertise, and data are required in
order to apply the approach.



� Assumptions: lists the toxicologic or statistical assumptions that are inherently
made when the data are treated by applying the approach; the user can then decide
if the approach is appropriate for the available data.



� Limitations: suggests problems the user may encounter relative to data gaps or
quality deficiencies, and statistical modeling requirements or goodness-of-fit
issues.



� Uncertainties: indicates unknown elements of the analysis that should be
considered and characterized in the presentation of the risk assessment (e.g., data
are not available, mode of action is unknown, scientific judgments are made,
exposures are not well characterized, extrapolations are made, etc.).



Following an assessment of data quality, the first major distinction addressed in Figure



2-1 is whether the type of available data is whole mixture data or mixture component



information. This distinction points the risk assessor toward methods that are available for these



specific types of data.  Methods available for whole mixtures then depend on whether there is



information directly available on the mixture of concern or only on sufficiently similar mixtures



or groups of similar mixtures.  Methods available for component data then depend on whether



there are interactions data available or whether the components act with a similar mode of action



or are toxicologically independent.  In these cases, the outcome is a quantitative assessment with



a complete risk characterization and uncertainty discussion presented.



Figure 2-1 is deceptively simple, however, as many of the issues that are represented in



the diagram require the use of scientific judgment or data that may not be readily available.  In



addition, there will often be mixtures for which there exist both whole-mixture and component



data, so that the choice of method will not be clear (for example, both epidemiologic data and



component toxicity data exist for evaluation of health effects from exposure to chlorinated



drinking water).  Furthermore, the true toxicologic mechanism of action (see Section 2.2.3) is



rarely known for a given mixture or even for most of its components; thus the judgments that are



made of toxicologic similar action or independence of action, for example, will be uncertain.  It



is recommended, therefore, that the risk assessor implement several of the approaches that are



practical and evaluate the range of health risk estimates that are produced.
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2.2.3. Key Concepts



There are several concepts that must be understood in order to evaluate a chemical



mixture (see Appendix B).  The first is the role of toxicologic similarity which, in this document,



is considered along a continuum of information.  The term mode of action is defined as a series



of key events and processes starting with interaction of an agent with a cell, and proceeding



through operational and anatomical changes causing disease formation.  “Mode” of action is



contrasted with “mechanism” of action, which implies a more detailed understanding and



description of events, often at the molecular level, than is meant by mode of action.  The specific



term toxicologic similarity represents a general knowledge about the action of a chemical or a



mixture and can be expressed in broad terms such as at the target organ level in the body (e.g.,



enzyme changes in the liver).  In this document, assumptions about toxicologic similarity are



made in order to choose among risk assessment methods.  In general, we assume a similar mode



of action across mixtures or mixture components and, in some cases, this requirement may be



relaxed to require that these chemicals act only on the same target organ.



The second key concept in understanding mixtures risk assessment is the assumption of



similarity or, in contrast, independence of action.  The term sufficiently similar mixture refers to a



mixture that is very close in composition to the mixture of concern, such that differences in their



components and their proportions are small; the risk assessor can then use the data from the



sufficiently similar mixture to make a risk estimate about the mixture of concern.  The term



similar components refers to the single chemicals within a mixture that act by the same mode of



action and may have comparable dose-response curves; the risk assessor can then apply a



component-based approach that uses these characteristics to form the basis of the risk



assessment.  The term group of similar mixtures refers to chemically related classes of mixtures



that act by a similar mode of action, have closely related chemical structures, and occur together



routinely in environmental samples, usually because they are generated by the same commercial



process; the risk assessor can use what is known about the shifts in chemical structure and



relative potency of the components to perform a risk assessment.  Finally, the term independence



of action is defined as mixture components that cause different kinds of toxicity, or effects in



different target organs; the risk assessor may then combine the probabilities of toxic effects for



the individual components.



Another key concept for this document is the understanding of language referring to



toxicologic interactions, which is defined here as any toxic responses that are greater than or less



than what is observed under an assumption of additivity.  The term additivity is used when the



effect of the combination of chemicals can be estimated directly from the sum of the scaled



exposure levels (dose addition) or of the responses (response addition) of the individual



components.  There are a myriad of terms (see Appendix B, Table B-2) that represent various
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kinds of interaction effects (e.g., inhibition, antagonism, masking).  The most common and



general of these refer to effects that are greater than additive (i.e., synergistic) or less than



additive (i.e., antagonistic).   



2.2.4. Qualitative Assessments



In Figure 2-1, an evaluation of the data may lead the user to decide that only a qualitative



analysis should be performed.  This generally occurs in cases where data quality is poor, there are



inadequate quantitative data available, data on a similar mixture cannot be classified as



“sufficiently similar” to the mixture of concern, exposures cannot be characterized with



confidence, or method-specific assumptions about the toxicologic action of the mixture or of its



components cannot be met.  When this occurs, the risk assessor can still do a qualitative



assessment that characterizes the potential human health impacts from exposure to that mixture. 



Such a risk characterization should discuss each element of the risk assessment paradigm,



including available information on the mixture itself, on its components, and on potential



interactions among the components.  Any information on fate and transport of the mixture that



would affect its final composition at the time of exposure should be noted.



2.2.5. Defaults



The development of a risk assessment for a chemical mixture will generally involve the



examination of complex exposures and toxicities and the application of specific methods as well



as scientific judgment.  This process necessarily involves a thorough examination and discussion



of the uncertainties, limitations, and assumptions inherent in exposure assessment, fate and



transport, uptake and pharmacokinetics, and the magnitude and nature of toxicity and toxicant



interactions.  Because of the complexity of considerations that must be undertaken to develop a



chemical mixtures health risk assessment, it is not practical to recommend a clear listing of



default procedures that covers all cases.  In many cases, information gaps will be too substantial



to allow use of defaults, so that only a qualitative risk assessment can be performed. 



Nonetheless, for some restricted situations, default values and methods can be recommended. 



This section outlines the philosophy underlying their choice.



For low exposure levels when no interactions information is available, default methods



using an additivity assumption are given.  For the component chemicals in a mixture that show



dissimilar toxicity, response addition (Sections 2.6.2, 4.1, and 4.5) is recommended.  For the



component chemicals that show similar toxicity, dose addition (Sections 2.6.1, 4.1, 4.2, and 4.4)



is recommended.  Under dose addition, the general procedure is to scale the doses of the



components by their relative potency and add the scaled doses together; the mixture response is



then estimated for the combined dose.  Under response addition, the general procedure is to first
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determine the risks per the exposure for the individual components; the mixture risk is then



estimated by adding the individual risks together.  These processes are fundamentally different



and require different assumptions of the data in order for them to be used appropriately.  Finally,



if interactions data are available, the default recommendation is that they be incorporated into the



risk assessment by using the interaction-based Hazard Index (HI) (Sections 2.6.3, 4.1, and 4.3).



Dose addition is the default approach in situations where the dose for each individual



component is at a level at which effects are not expected to occur, be observable, or be of



concern; however, when the doses are combined, effects of concern may be expected or observed



in response to the higher dose level of the mixture.  A method based on dose addition that has



been used most often by EPA is the HI, where HI < 1 indicates a mixture exposure of no



significant concern (U.S. EPA, 1989a).  True dose addition is applied by scaling the potencies of



all the components in the mixture with the same mechanism of action to an index chemical,



adding the scaled doses together to give the equivalent dose in terms of the index chemical, and



using the index chemical’s dose-response curve to estimate the response for the equivalent total



mixture dose.  Dose addition is different from response addition because two assumptions are



made: that all of the components have similar uptake, pharmacokinetics, and toxicologic



processes; and that the dose-response curves of the components have congruent or similar shape



(Teuschler and Hertzberg, 1995).  This means that, for equal effects, the dose of one component



is a constant multiple of the dose of a second component.



The interaction-based HI is the default approach for using interactions data to modify



simple dose addition.  This approach uses binary interactions data for the components of the



mixture to modify the HI.  The factors that are used include the interaction magnitude at low



doses, the toxicity of each component relative to each other component, the weight of evidence



of the interactions data, and the relative proportions of the components in the mixture.



Response addition is the default approach when the component chemicals are functionally



independent.  It is most often applied when an effect that is of concern is expected to be present



at low dose levels for each of the component chemicals, even though it is highly unlikely to be



observable at these low levels in either epidemiologic or toxicologic studies; the mixture risk is



then usually approximated by the sum of the individually low risks of the independently acting



component chemicals.  For example, response addition has often been used for the risk



assessment of mixtures of carcinogens (Gaylor et al., 1997; U.S. EPA, 1989a).  Response



addition is different from dose addition in that it does not assume similar kinetics or a similar



mode of action and does not assume that the dose-response curves have similar shape.  It



assumes that the components of the mixture are functionally independent of one another at low



exposure levels (Mumtaz and Hertzberg, 1993), so that the risks may be added together (see



Section 4.5 for details on interpretation and calculation).  Because response addition does not
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require a similar mode of action across the chemicals in the mixture, it allows for combining



risks across chemicals even if they have different types of endpoints. An example is the



combined risk of any kind of reproductive toxicity for a set of chemicals with different modes of



action.



2.3.  DATA QUALITY ASSESSMENT



The first consideration in Figure 2-1 is the assessment of data quality relative to its



relevancy, completeness, quantitative nature, and certainty in three areas:  exposure information,



health effects information, and information on interactions.  Table 2-1 presents a classification



scheme for assessing the quality and nature of the available mixtures data.  Consideration of the



factors presented in Table 2-1 can be used to guide the risk assessor through Figure 2-1.  This



evaluation can assist the decision of whether to quantify the risk (the first step in Figure 2-1), and



can be included in a discussion of overall quality of the risk assessment.  Usually a classification



of “FAIR” or better is required for quantitative risk assessment.  For example, a “GOOD”



classification for each of exposure information, health effects information and information on



interactions would lead the risk assessor to consider the data quality to be adequate for



quantification, with good data available for both the exposure and toxicity aspects of the mixture



of concern.  Figure 2-1 would then guide the risk assessor to perform a risk assessment directly



on the mixture of concern by calculating, for example, a toxicity value for the mixture, such as a



Reference Dose (RfD) or slope factor.  A “POOR” classification for one or more of these



categories would likely lead the risk assessor to decide that data quality was inadequate; in this



case, Figure 2-1 directs the risk assessor to perform only a qualitative risk assessment.  With



“FAIR” information on each of exposure, health effects, and interactions, the risk assessor would



conclude that data quality was adequate to estimate both the exposure and toxicity of the



components of the mixture, and furthermore to use the available interactions data on the



components in the assessment.  Under these conditions, Figure 2-1 indicates that an interaction-



based HI approach would be appropriate.  It is the purview of the risk assessor to decide at what



point the validity of the risk assessment is compromised by the data quality to such a degree that



only a qualitative assessment should be performed.



2.3.1.  Quality of Exposure Information



Exposure information ideally includes all data needed to characterize the human exposure



to the mixture of concern from the point of environmental release to the point of human intake. 



There are several details needed to quantify exposure to chemical mixtures; these include:
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Table 2-1.  Classification scheme for the quality of available mixtures dataa



Exposure Informationb



GOOD – Monitoring information either alone or in combination with modeling information is sufficient
to accurately characterize human exposure to the mixture or its components.



6 Modeling information is sufficient to reasonably characterize human exposure to the mixture 
or its components.



FAIR 6 Exposure estimates for some components are lacking, uncertain, or variable.  Information on
health effects or environmental chemistry suggests that this limitation is not likely to
substantially affect the risk assessment.



6 Not all components in the mixture have been identified, or levels of exposure are highly
uncertain or variable.  Information on health effects or environmental chemistry is not
sufficient to assess the effect of this limitation on the risk assessment.



POOR – The available exposure information is insufficient for conducting a risk assessment.



Health Effects Information
GOOD – Full health effects data are available and relatively minor extrapolation is required.



6 Full health effects data are available but extensive extrapolation is required for route or
duration of exposure or for species differences.  These extrapolations are supported by
pharmacokinetic considerations, empirical observations, or other relevant information.



FAIR 6 Full health effects data are available, but extensive extrapolation is required for route or
duration of exposure or for species differences.  These extrapolations are not directly 
supported by the information available.



6 Certain important health effects data are lacking and extensive extrapolations are required for
route or duration of exposure or for species differences.



POOR – A lack of health effects information on the mixture and its components in the mixture 
precludes a quantitative risk assessment.



Information on Interactions
GOOD – Assessment is based on toxicologic data on the mixture of concern.



6 Assessment is based on data on a sufficiently similar mixture.



FAIR 6 Quantitative interactions of all components are well characterized.
6 The assumption of additivity is justified based on the nature of the health effects and on the



number of component compounds.
POOR – Interactions information is inadequate, an assumption of additivity cannot be justified, and no



quantitative risk assessment can be conducted.



aSee text for discussion of sufficient similarity, adequacy of data, and justification for additivity
 assumptions.
bSee the Agency's guidelines for exposure assessment (U.S. EPA, 1992) for more complete
 information on performing exposure assessments and evaluating the quality of exposure data.



• Concentration of the chemical mixture in the medium/media of concern at the
point(s) of human contact



• The duration and frequency of exposure should be developed from repeated
measurements or validated models of environmental fate in media to which
individuals are exposed, as well as human activity pattern data.  The media
concentrations should be determined at the points of human exposure.  If the
exposure data are limited, the analyst should address the degree to which the data
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represent the environmental chemical mixture over space and time. 
Environmental transformation of the mixture over time is a key concern.



• Analytic chemistry



The analyst should consider both the accuracy and reliability of the measurement
techniques and determine if all of the components have been identified  (i.e., are
there unidentified components of the mixture?).  The analyst should also
determine if  the key environmental reactions have been identified and reaction
rates measured (e.g., environmental half-life) that govern the fate of the mixture. 
If components of the environmental mixture have not been detected analytically,
the analyst should describe if and how they were included in the assessment (e.g.,
the compounds were assumed to be present at one-half the detection limit).



• Uptake from the environment



The analyst should examine the bioavailability of the mixture for the medium and
route of concern.  The ideal data set would be derived from well-conducted
studies that measure either the entire mixture or all the components in the
pertinent exposure media and over the timeframe of concern.  (The ideal data may
be derived from accurate analytic measurements at points of human contact or
from validated environmental fate models.) The magnitude of the human exposure
would be measured or modeled on the basis of human activity patterns.  Finally,
the bioavailability of the mixture or the components would be known. 
Unfortunately, a complete data set is rarely available.  The analyst should identify
(and perhaps quantify) uncertainty based on imperfect analytic methods (e.g.,
some constituents may not be characterized by the analytic technique that
represents the current state of the science), extrapolations between concentrations
at measurement points and points of human exposure, incompletely understood
transformation reactions to the mixture in the environment, and bioavailability. 
Each of these uncertainties in the risk assessment should be discussed and
accounted for in the final risk characterization.



2.3.2.  Quality of Health Effects Information



Health effects information includes both hazard identification and dose-response data on



the complex mixture, a similar mixture, or the components of the mixture.  The best data would



be human epidemiologic or human clinical data directly on the complex mixture for which the



health effects of concern are causally linked to the mixture exposure and a dose-response



relationship can be established for the exposure route of interest.  Unfortunately, such high-



quality direct information is rarely available, so the risk assessor usually performs one or more



extrapolations.  Examples of such extrapolations include using animal data to project potential



human health effects, using inhalation data to predict risks from oral exposure, using component



data to estimate risks for the complex mixture, and using data from short-term human clinical
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studies or subchronic animal bioassays to project human health risks from chronic exposure. 



Each of these extrapolations introduces uncertainty into the risk assessment that should be



discussed and accounted for in the final risk characterization.



2.3.3.  Quality of Interactions Information



Interactions information includes any data indicating that the toxicologic action of the



complex mixture is greater than or less than what might be expected from exposure to a



colleciton of individual components of the mixture.  Thus, human or animal data directly on the



whole mixture implicitly provides interactions information for use in risk assessment.  However,



since such data are rarely available, the risk assessor must often rely on component information,



the vast majority of which is laboratory toxicity data on binary combinations of chemicals



(Teuschler and Hertzberg, 1995).  The quality of interactions data, whether it be data on the



complex mixture, a sufficiently similar mixture, or simple combinations of the components, can



be judged according to the strength of evidence for three criteria.  First, there should be adequate



toxicity data that not only provide information on dose response, but also on the mechanism of



action for the mixture.  Second, interactions data should be for the same route of exposure as the



mixture of concern.  Furthermore, when data on several different component mixtures are



evaluated, these data should be from comparable studies, such as the same species, same



endpoint of concern, similar laboratory conditions, or comparable study duration.  Finally,



observed interactions data that are usable for risk assessment purposes should be toxicologically



significant (i.e., show definite adverse effects).  The strength of the evidence for each of these



criteria should be discussed and accounted for in the final risk characterization.



2.4.  CHEMICAL MIXTURE EXPOSURE ASSESSMENT ISSUES



While this guidance document is intended to serve risk assessors primarily by informing



them of dose-response and risk characterization methods associated with exposures to chemical



mixtures, the purpose of this section is to highlight additional exposure issues of a general nature



that should be considered when developing a risk assessment for chemical mixtures.  The issues



presented in this section should be considered in addition to those normally followed in an



exposure assessment.  The Agency’s primary guidance in this area is the Exposure Assessment



Guidelines (U.S. EPA, 1992); however, that document primarily focuses on issues pertaining to



single-chemical exposures.  Other, more specific exposure assessment issues involving multiple



chemicals will be discussed by the Agency more comprehensively in separate future efforts (e.g.,



the EPA’s Risk Assessment Forum is developing a cumulative risk assessment framework as this



guidance goes to press).  While there are other important issues related to exposures to chemical
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mixtures, three critical areas will be discussed briefly here: environmental fate, temporal patterns



of exposure, and routes of exposure.



The wide diversity in mixture compositions and site characteristics precludes any



recommendation for a single approach for site-specific modification of the mixture assessment.



Through examples, some steps that should be considered can be articulated.  The example in



Section 3.4 demonstrates some of the considerations that should be part of such a modification. 



Other modifications based on the exposure and mixture characteristics are encouraged, as long as



they are clearly described and supported with plausible concepts and empirical measurements.



Clearly, the analyst should report the significance of any assumptions utilized as well as the



potential uncertainty and variability associated with the exposure modifications developed for the



risk assessment.



2.4.1. Environmental Fate and Transport



The composition and quantity of a mixture of chemicals may change after release into the



environment.  The environmental fate of chemical mixtures released into the environment can be



conceptualized as being composed of three interrelated  components:  (1) transport through an



individual compartment (e.g., atmospheric dispersion); (2) transfer between environmental



compartments (i.e., partitioning); and (3) transformation mediated by biological, chemical, or



physical processes (e.g., weathering) (Crawford-Brown, 1997, Chapter 2).  Even though the



environmental processes that occur within these three components of environmental fate are not



unique to chemical mixtures, the analyst should assess compositional and quantitative changes



that may occur to the chemical mixture of interest in the environment (particularly with respect to



the time from release to exposure), and the impact these will have on exposure and toxicity. 



This is particularly important when considering the appropriateness or relevance of an



analytic measurement of quantity or composition of a chemical mixture; the analyst needs to



consider the possible changes to the mixture between the time the measurement was conducted



and the time over which exposures are expected to occur.  These environmentally mediated



changes are also important when comparison is made in the assessment to the dose response



exhibited by either a sufficiently similar whole mixture (e.g., comparison of the dose response of



the commercial mixture that has been toxicologically tested to that of the environmental mixture)



or mixture components.  The concept of sufficient similarity is not discussed in the 1986



mixtures guidelines (U.S. EPA, 1986, 1987) (Appendix A).  Common sense dictates that



sufficient similarity entails the assumption that the toxicologic consequences of exposure to the



two mixtures (i.e., the mixture of concern and the mixture on which data are available) will be



identical or at least indistinguishable from one another.  In practice, some degree of chemical



similarity or at least an understanding of how chemical differences between the mixtures affect
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toxicological activity is required.  The acceptability of a surrogate, given the degree of accuracy



desired in the risk assessment, should be identified in the analysis.



When the effects of such environmental processes cannot be directly measured or



modeled on the mixture of interest, there is potential for substantial error in the risk assessment. 



The risk assessment can sometimes be modified by knowledge of the process that is generating



the mixture exposure, or by information on the original mixture chemicals along with the



geochemical and biochemical processes operating during their transport and over time.  The



degree to which environmental fate alters the exposure or the dose response changes a basic



assumption of risk assessment of chemical mixtures, that of sufficient similarity.  Under some



circumstances, sufficiency of similarity may be gauged by the gradient of costs (monetary or



environmental) of misjudging similarity, although such analyses will not be discussed here.



Whenever the mixture risk assessment is based on chemical component information and



the mixture composition cannot be fully identified, the uncertainty and possible bias in the



resulting risk assessment should be clearly described.  Attention should also be given to the



persistence of the mixture in the environment as well as to the variability of the mixture



composition over time or from different sources of emissions.  The assessment should also



discuss methods for improving the assessment, including gathering of more data as well as



employing other measurement or extrapolation techniques.



2.4.1.1.  Transport Through an Environmental Compartment



Transport of a chemical mixture through the environmental compartments of air, soil, and



water will depend upon the physical and chemical properties of the individual components or the



unique properties of the chemical mixture (e.g., nonaqueous-phase liquids [NAPLs]) and the



environmental medium.  There are a number of examples of changes in composition or quantity



of a chemical mixture as a result of environmental fate.  The changes in the quantities and



concentrations of chemical disinfectant by-products (occuring in chemically disinfected drinking



water over time) during transport through the drinking water distribution system provide an



example of the changes that can occur to a mixture during transport through an environmental



compartment.



2.4.1.2.  Intercompartmental Transfer Between Environmental Compartments



All components of a chemical mixture may not be transferred between environmental



compartments at the same rate.  Once released to the environment, a mixture of chemicals may



be partitioned on the basis of the physical/chemical properties of each component of the mixture



and the condition of the microenvironment into which the components are partitioned.  
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Selective movement of components can occur primarily during transport between soil,



air, or water environments.  For example, volatilization from the soil surface compartment to the



atmospheric compartment could  be important initially for the more volatile compounds in the



mixture.  Volatilization from dry soil surfaces is dependent on both the vapor pressure (more



volatile compounds will volatilize more readily) and the ability of a compound to adsorb to soil. 



Volatilization from moist soil surfaces is driven by the Henry’s Law constant at steady state



(volatilization increases with a larger Henry’s Law constant) and, as with dry soil surfaces, the



ability of a compound to adsorb to the soil.  Because the Henry’s Law constant is defined as the



ratio of a compound in air to that in water, compounds with either a high vapor pressure or



compounds that have a low vapor pressure together with a low water solubility may volatilize



from both moist soil and water surfaces.  The rate at which a compound can volatilize from the



soil surface may be attenuated if that compound is also able to adsorb strongly to soil particles.



Compounds that adsorb strongly to the soil may also be physically entrained in the air as dust or



moved to aquatic environments via sediment runoff.  Compounds that do not adsorb strongly to



the soil may leach readily through the soil column to groundwater systems if processes such as



volatilization and biodegradation do not occur rapidly enough.  (There are exceptions, such as 



where some vapor-phase pollutants in stack emissions adsorb to particulates.) The extent of soil



adsorption is generally based on the organic content of the soil, although some compounds (those



with a positive charge) can also adsorb to clays.  A soil adsorption coefficient is defined in terms



of the soil organic carbon and can be used to estimate the ability of a particular compound to



leach into the soil column.  The more volatile components of a chemical mixture in soil may



volatilize over a several-year period and no longer be present.  A risk assessment based only on



the original mixture composition could then overestimate the long-term risk if the volatile



chemicals were the primary toxicants.  Adjustments based on other factors such as exponential



decay models calibrated for the soil composition being assessed might improve the risk estimate.  



The analyst should also consider differential transfer of chemicals comprising a mixture



between abiotic and biotic compartments and between two different biotic compartments.  For



example, certain dioxin congeners released from the stacks of combustion sources appear to be 



selectively taken up and retained in plant tissues (Lorber et al.,  1996; 1998).  The relative



proportions of dioxin congeners in the mixture to which humans and grazing animals are



exposed through the consumption of these contaminated plants vary considerably from the



original congener mixture released to the environment.  The proportions of dioxin congeners in



human exposures that result from consumption of the tissues of the grazing animals (e.g., beef



cattle) will differ from the proportions released from the stack as well as those in the



contaminated plants.
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2.4.1.3.  Transformation of a Chemical Mixture or Individual Compound Into Degradation   



Products



In the environment, chemical mixtures may arise or change as a result of transformation.  



If the various compound/s are susceptible to degradation via photolysis, hydrolysis, or



biodegradation (both aerobic and anaerobic), both alteration of the profile of the original



compounds in the mixture and changes in the quantity of the mixture present are possible.  The



processes acting to change the profile of a mixture may be affected by the point of release of the



mixture (i.e., the profile from a mixture directly released to a lake may be different from that



from the same mixture following long-range atmospheric transport).  Transformation reactions



that may differentially affect mixtures components in air, soil, and water are presented below,



followed by an example using the transformation of toxaphene.



• Atmosphere: Compounds can be transformed by direct photolysis, if the
compound is able to absorb light in the visible region of the spectrum, and/or by
reaction with reactive photochemically generated hydroxyl radicals, nitrate
radicals, and ozone (Atkinson, 1994).  Reaction with hydroxyl radicals is expected
to be the major degradation process in the troposphere for most molecules, and the
rate of this reaction depends primarily on the chemical structure (Atkinson, 1994). 
Unsaturated compounds also are expected to react quickly with nitrate radicals
and ozone.



• Soil: Compounds can be transformed through aerobic and anaerobic
biodegradation at the soil surface.  Aerobic biodegradation is controlled  by
concentrations of oxygen and nutrients; compounds susceptible to anaerobic
biodegradation may be transformed in anaerobic microsites, which may be found
within the soil column and when the soil is flooded.



• Water: Susceptible compounds may be transformed through hydrolysis (e.g.,
structures such as amides, alkyl halides, carbamates, and phosphoric acid esters
[Lyman et al., 1990] are particularly vulnerable), direct photolysis at the water
surface, and aerobic biodegradation.



The assessment of environmentally degraded  or “weathered” toxaphene, previously the



most heavily used pesticide in the United States, exemplifies the concerns of transformation as



well as other environmental fate processes when developing a chemical mixtures risk



assessment.   Toxaphene is a formulation of multiple ingredients.  The relative amounts of these



components and their character change after toxaphene is released to the environment and the



original components of the mixture are exposed to differential partitioning and transformation



processes in air, water, and soil environments (U.S. EPA, 1997b).
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• Toxaphene congeners are generally biologically degraded under anaerobic
conditions through reductive dechlorination.  Anaerobic degradation rates in soils
and sediments are expected to be determined largely by qualities of the original
component molecules and the environment’s potential to interact and change the
molecules’ structure (Fingerling et al., 1996; Smith and Willis, 1978).  The
stability of reaction products, whether in soil or sediment, seems to depend on the
position of the various chlorine atoms.



• Under  aerobic conditions toxaphene degrades slowly, if at all (Parr and Smith,
1976; Bidleman et al., 1981; Mirsatari et al., 1987; Nash and Woolson, 1967).



• In general, the lower chlorinated toxaphene congeners are more easily vaporized
than are the higher chlorinated congeners  (Seiber et al. [1979] showed soil
surface enrichment of the less volatile, more chlorinated compounds through GC
analysis); however, both can be atmospherically transported.



• Toxaphene, particularily the more volatile components, may be transported far
from the initial source by long-range atmospheric transport processes.



• Once deposited in water, the higher chlorinated congeners can bioaccumulate in
the food chain because of their lipophilicity.



The composition of “weathered” toxaphene samples may be different, depending on the



environmental processes to which the original agent was exposed.  For example, toxaphene



extracted from an anaerobic soil does not resemble that from an aerobic soil, and toxaphene



detected in an air sample from the Arctic does not resemble the toxaphene residue obtained from



the blubber of an Arctic seal.  Site-specific consideration of the partitioning and transformation



processes is needed for different environments.  The resulting  changes in chemical composition



of the original mixture over time will affect the toxicity of the mixture.



For another example, when the primary change to a mixture is believed to be the degree



of  halogenation or other substitution, some adjustment of the estimated exposure or toxic



potency may be possible.  One example (discussed in Section 3.4) concerns combinations of



PCBs, for which EPA has developed specific methodology to alter the toxic potency on the basis



of site-specific environmental factors.



2.4.2. Importance of the Exposure Sequence for Multiple Chemicals



The order in which chemical exposures occur and the time between exposures to different



chemical agents may affect the nature of the response to the chemical insult.  For example, the



sequence or pattern of exposure is important for compounds that have been described as initiators



and those described as promoters of carcinogenicity.  There is evidence to suggest that exposure



to certain compounds results in an irreversible change in the affected cells and progeny (the cell



is said to be initiated).  When the initial exposure is followed by repeated doses of a second



chemical agent (i.e., the promoter), tumors occur.  In the absence of either the initiator or the
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promoter, or if the order is reversed, tumors do not occur.  An example of an initiator-promoter



sequence is the application of a PAH  (initiator) (e.g., benzo[b]fluoranthene) followed by



repeated applications of 12-o-tetradecanoyl phorbol-13-acetate (TPA) to the skin of shaved mice



(Amin et al., 1985).



2.4.3. Routes of Exposure



In environmental health risk assessments, analysts typically consider three routes of



human exposure:  oral, dermal, and inhalation.  Differences in the properties of the cells that line



the surfaces of the gastrointestinal tract, the skin, and the air pathways and lungs may result in



different intake patterns of chemical mixture components depending on the route of exposure.



Additionally, chemicals in a mixture may partition to contact media differently, resulting in



different potential routes of exposure (see Section 2.4.1).  In chemical mixtures risk assessment,



the issue becomes how and when to combine routes.  EPA is still developing approaches for this. 



EPA (1998c) recommends that route-to-route conversion should be attempted only for dermal



exposures at this time.  Adequate inhalation-to-oral conversion methods for steady-state



conditions have not yet been developed.  A general outline of the oral-to-inhalation extrapolation



process and a discussion of route-to-route extrapolation issues can be found in Gerrity and Henry



(1990) and in EPA’s Reference Concentration methodology document (U.S. EPA, 1994a).  Until



such methodology is developed, inhalation and oral risk characterization should be carried out



separately.  The assessor should note, however, that total risk from the mixture could be



underestimated by not combining all routes of exposure, because the total exposure is not



characterized and the chemical interactions may not be considered.  



Multiple-route exposures can be combined in two different ways: summing the absorbed



daily doses or summing the (external) oral equivalent daily doses.  Both approaches require an



estimate for the oral absorption fraction, but the latter is adopted here as it is simpler for



consideration with standard toxicity comparison values based on ingestion (e.g., RfD).  



A number of factors might contribute to differences in toxicologic effectiveness between



oral and dermal exposures at equal dosages.  The most obvious relates to differences in



absorption rates between the two routes.  Other potential contributing factors include differing



sensitivity of absorption sites to damage and differences in toxicokinetics (i.e., distribution,



metabolism, elimination) between exposure routes.  Ideally, the conversion from dermal to



equivalent oral dose would be based on experimentally derived values that characterize the



relationship between the doses that produce a particular toxicity by each of the different routes.  



In practice, however, the conversion usually will be based on absorption factors because of a



general absence of appropriate data.
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2.4.4. Exposure Assessment Summary



This section summarizes a few important concepts related to chemical mixtures exposure



assessment.  Once a chemical mixture is released to the environment, its concentration and



composition may change through partitioning into abiotic and biotic compartments and through



transformation mediated by the environment and biota.  The physical/chemical properties of each



component of the mixture (or the properties of the mixture as a whole) and the condition of the



microenvironment into which the components are partitioned may change the magnitude and the



routes of human exposure.  Partitioning and transformation of the mixture components will affect



the routes of exposure.  Ideally, chemical mixture exposures through different routes can be



integrated through measurement data or a validated physiologically based pharmacokinetic



(PBPK) model; at this time, approaches are still evolving, particularly for combining inhalation



and oral exposures.  The sequence of exposures to different chemical agents is clearly important



for some responses.  A number of other issues will be deferred for later discussion by the



Agency; these include chemical mixtures with intrinsically unique properties (e.g., NAPLs), mass



balance within chemical mixtures assessments, assessing risk of unidentified components of



chemical mixtures, measurement issues, and component bioavailability.



2.5.  DATA AVAILABLE ON WHOLE MIXTURES



Whenever possible, the preferred approach to the health risk evaluation of chemical



mixtures is to perform the assessment using health effects and exposure data on the whole



mixture.  Such data include human epidemiologic, clinical, or occupational studies; animal



studies on the complex mixture; or in vitro data on the complex mixture.  Figure 2-1 shows that



the whole-mixtures data can then be divided into subsets of data directly on the mixture of



concern, data on a sufficiently similar mixture, or data on a group of similar mixtures.  This



guidance document discusses these situations and offers some examples of how to approach a



whole-mixture health risk assessment.



2.5.1. Data Available on the Mixture of Concern



Exposure and toxicity data directly on the mixture of concern are most likely to be



available for highly complex mixtures, such as coke oven emissions, which are generated in large



quantities and associated with or suspected of causing adverse health effects.  The evaluation of



such a mixture requires scientific judgment regarding the stability of the mixture in the



environment and the linkage of the observed human health effect to the mixture exposure. 



Toxicity data obtained from concentrates or extracts of the original mixture of concern may not



be predictive of human toxicity to the original mixture.  Such data are more properly handled



using procedures developed for toxicologically similar mixtures (Sections 2.5.3, 3.3).
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2.5.1.1.  User Fact Sheet:  Mixture of Concern RfD/C or
Slope Factor



The user of this guidance document can use
Figure 2-1 to determine if data are available directly on the
mixture of concern.  Then a procedure is suggested for
estimating either a cancer slope factor or a reference
dose/concentration (RfD/C), as encapsulated in the
following user-information fact sheet.



Approach: Mixture of Concern RfD/C or Slope
Factor



Type of Assessment: Dose-Response Toxicity Value
Section(s): 3.1, 3.2
References: Examples can be found on IRIS



(U.S. EPA, 2000a).
Data Requirements: Toxicity data are available on the



mixture of concern.  Examples of
such data are human
epidemiologic data from an
occupational setting, human data
from a clinical study, or animal
toxicology data on the complex
mixture.



Strategy of Method: Estimate dose-response toxicity
value directly from data on
complex mixture of concern, using
the same procedures as those
used for single chemicals. 



Ease of Use: Calculations are simple.
Assumptions: Composition of the test mixture is



functionally the same as what is
found in the environment.  Test
data are adequate to account for
all sensitive endpoints.



Limitations: Data are rarely available.
Uncertainties: Scientific judgments of the



chemical composition of the
mixture; toxicologic relevance of
the laboratory data to the
environmental mixture.



2.5.2. Data Available on a



Sufficiently Similar Mixture



If data are not available on



the mixture of concern, the risk



assessment may be based on data on



a sufficiently similar mixture.  A



mixture is sufficiently similar to the



mixture of concern when its



components are not very different



and are contained in about the same



proportions as the mixture of



concern.  In addition, if information



exists on differences in



environmental fate, uptake and



pharmacokinetics, bioavailability, or



toxicologic effects for either of these



mixtures or their components, it



should be considered in the



determination of sufficient similarity. 



If such data are available, an attempt



should be made to determine if



significant and systematic differences



exist between the chemical mixtures. 



If no significant differences are



noted, then a risk assessment may be



performed using data on the



sufficiently similar mixture as a



surrogate for the mixture of concern.
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2.5.2.1.  User Fact Sheet:  Sufficiently Similar Mixture
RfD/C or Slope Factor



The user of this guidance document can use Figure
2-1 to determine that the data available are on a mixture that
is sufficiently similar to the mixture of concern.  Then a
procedure is suggested for estimating either a cancer slope
factor or a reference dose/concentration (RfD/C), as
encapsulated in the following user-information fact sheet.



Approach:  Sufficiently Similar Mixture RfD/C or
Slope Factor



Type of Assessment: Dose-Response Toxicity Value
Section(s): 3.1, 3.2
References: New procedure.
Data Requirements: Toxicity data are available on a



mixture that is judged as sufficiently
similar to the mixture of concern in
the environment.  No data are
available on the mixture of concern. 
Examples of such data are human
epidemiologic data from an
occupational setting, human data
from a clinical study, or animal
toxicology data on the complex
mixture.



Strategy of Method: Estimate dose-response toxicity
value using data on the sufficiently
similar mixture as a surrogate for
data on the mixture of concern,
using the same procedures as those
used for single chemicals. 



Ease of Use: Calculations are simple.
Assumptions: Composition of the sufficiently



similar mixture is functionally the
same as what is found in the
environment.  Test data are
adequate to account for all sensitive
endpoints.  Similarity judgment
across the mixtures must be made
and supported.



Limitations: Availability of data is limited.
Uncertainties:  Scientific judgments of sufficient



similarity, chemical composition and
stability of the two mixtures;
toxicologic relevance of the
laboratory data to the environmental
mixture.



2.5.3. Data Available on a



Group of Similar Mixtures



In some cases, data are



available on a group of similar



mixtures that are known to be



generated by the same commercial



process or emissions source but



that vary slightly in composition



depending on factors such as time



since emission, environmental



transformation, or geographic



location of emission sources.  Data



are then available on several



mixtures with approximately the



same components but with slightly



different component exposure



levels, so that the likely range of



compositional variation is



covered.  Thus, risk assessors can



use toxicity and exposure data that



exist on the group of similar



mixtures and extrapolate in order



to perform a risk assessment on



the less well-studied or



environmentally transformed



mixtures that belong to that same



group.
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2.5.3.1.  User Fact Sheet:  Comparative Potency



The user of this guidance document can use
Figure 2-1 to determine that the data available are on a
group of similar mixtures.  Then a procedure is suggested
for using a comparative potency approach to estimating a
cancer slope factor, as encapsulated in the following user-
information fact sheet.



Approach: Comparative Potency
Type of Assessment: Dose-Response Toxicity Values



for Cancer, Genetic Toxicity
Section(s): 3.1, 3.3
References: Used for combustion mixtures



(Lewtas, 1985, 1988; Nesnow,
1990).



Data Requirements: Method requires short-term data
on several similar mixtures
including the mixture of concern,
and at least one data point from a
chronic in vivo study on one of
these mixtures.  Examples of such
data are in vitro mutagenicity
assays and chronic rodent
bioassays. 



Strategy of Method: Estimate dose-response value
using relationships across similar
mixtures and similar assays to
extrapolate to a value for the
mixture of concern. 



Ease of Use: Calculations involve some
statistical modeling and toxicologic
judgment.  Method is data
intensive with short-term assay
data required.  



Assumptions: Assumes the potency change for
similar mixtures across assays is
the same for all similar mixtures. 
Test data are adequate to account
for all sensitive endpoints. 
Similarity judgment across the
mixtures must be made and
supported.



Limitations: Availability of data is limited.
Uncertainties:  Scientific judgments of sufficient



similarity relative to chemical
composition and toxicologic
activity of the mixtures.
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2.5.3.2.  User Fact Sheet:  Geographic Site-
Specific Assessments



The user of this guidance document can
follow Figure 2-1 to determine that the data available
are on a group of similar mixtures.  Then a procedure
is suggested for estimating risk from exposure to the
mixture by using a geographic site-specific
assessment, as detailed in the following user-
information fact sheet.



Approach: Geographic Site-Specific
Assessment



Type of Assessment: Risk Characterization for Any
Toxic Endpoint



Section(s): 3.1, 3.4
References: Used for cancer assessment



of PCBs (U.S. EPA, 1996c)
Data Requirements: Method requires both toxicity



and exposure data on the
mixture’s components. 



Strategy of Method: Toxicity data on the
commercial mixture are used
to estimate a range of toxicity
values that are then adjusted
for alterations in the
mixture’s composition
because of environmental
factors to produce a risk
estimate for the total mixture.



Ease of Use: Complicated to use.  Data
intensive.



Assumptions: Requires the user to make
assumptions about the fate
and transport of groups of
chemicals.  



Limitations: Some data restricted by
similarity.  Restricted to
specific conditions.  Limited
by data quality.        



Uncertainties:  Scientific judgment of fate
and transport.  Accuracy of
exposure data.



2.6. DATA AVAILABLE ON



MIXTURE COMPONENTS



If data are not available on an



identical or reasonably similar mixture,



the risk assessment may be based on the



toxic or carcinogenic properties of the



components in the mixture.  When



quantitative information on toxicologic



interaction exists, even if only on



chemical pairs, it should be incorporated



into the component-based approach. 



When there is no adequate interactions



information, dose- or risk-additive



models are recommended.  The primary



criterion for choosing between dose



addition and response addition is the



toxicologic similarity among the



chemicals in the mixture.  This decision



should be based on information about the



toxicologic and physiologic processes



involved, the single-chemical dose-



response relationships, and the type of



response data available.  The risk



assessment using component data should



then begin with selection of the most



appropriate concept for the chemicals in



the mixture.











-28-



2.6.1.1.  User Fact Sheet:  Hazard Index



The user of this guidance document can follow
Figure 2-1 to determine that the data available are on the
components of the mixture of concern and that there is
evidence of toxicologic similarity of the components.  Then
a procedure is suggested for estimating a Hazard Index,
an indication of risk from exposure to the mixture, as
encapsulated in the following user-information fact sheet.



Approach: Hazard Index
Type of Assessment: Risk Characterization for Any



Toxic Endpoint
Section(s): 4.1, 4.2
References: Used in Superfund site



assessments (U.S. EPA, 1989a).
Data Requirements: Method requires both toxicity and



exposure data on the mixture’s
components.  Good dose-
response data are needed, such
as what is available on IRIS (U.S.
EPA, 2000a). 



Strategy of Method: Scale individual component
exposure concentrations by a
measure of relative potency
(typically, divide by a Reference
Dose/Concentration [RfD/C]) for
components with a similar
mechanism-of-action.  Add scaled
concentrations to get an indicator
of risk from exposure to the
mixture of concern. 



Ease of Use: Easy to calculate.
Assumptions: Applies dose addition, which



carries with it assumptions of
same mode of action and similarly
shaped dose-response curves
across the components.  The
“common mode-of-action”
assumption can be met by using a
surrogate of same target organ.



Limitations: Exposure data should be at
relatively low levels (near no-
adverse-effect levels) at which
interaction effects are not
expected.  RfD/C values across
components vary in their
uncertainty, so other measures of
potency may be more
appropriate.



Uncertainties:  Similarity of mechanism-of-action. 
Accuracy of exposure data.



2.6.1. Toxicologic Similarity and



Dose Addition



In the simplest terms,



chemicals can be considered as dose



additive if each chemical can be



thought of as a concentration or



dilution of every other chemical in



the mixture.  The chemicals are



assumed to behave similarly in terms



of the primary physiologic processes



(uptake, metabolism, distribution,



elimination) as well as the



toxicologic processes.  The



mathematical description of dose



addition requires a constant



proportionality between the



effectiveness of the two chemicals. 



Three component methods that are



based on dose addition are discussed



in this document:  the HI, the



Relative Potency Factor (RPF)



method, and the Toxicity



Equivalence Factor method, which is



a special case of the RPF method. 



They differ in the required



knowledge about toxic mechanism



and in the extent over which



toxicologic similarity is assumed.  In



each method, the exposure levels are



added after being multiplied by a



scaling factor that accounts for



differences in toxicologic potency.











-29-



2.6.1.2.  User Fact Sheet:  Relative Potency Factors



The user of this guidance document can follow
Figure 2-1 to determine that the data available are on the
components of the mixture of concern and that there is
evidence of toxicologic similarity of the components.  Then
a procedure is suggested for estimating risk from exposure
to the mixture by using Relative Potency Factors, as
encapsulated in the following user-information fact sheet.



Approach: Relative Potency Factors
Type of Assessment: Dose-Response Assessment for



Any Toxic Endpoint
Section(s): 4.1, 4.4
References: New Procedure
Data Requirements: Method requires both toxicity and



exposure data on the mixture’s
components.  Toxicity data are
missing for some components.  



Strategy of Method: Scale component exposure
concentrations relative to potency
of an index chemical (typically the
best-studied component) following
expert committee consensus. 
Add scaled concentrations.  Use
dose-response curve of index
chemical to generate response
estimate for sum of scaled
concentrations.



Ease of Use: Complicated to use.  Requires
some statistical modeling and
judgment of relative potency
factors.



Assumptions: Based on dose addition which
carries with it assumptions of
same mode of action and similarly
shaped dose-response curves
across the components.  The
“common mode-of-action”
assumption can be met using a
surrogate of toxicologic similarity,
but for specific conditions
(endpoint, route, duration).  



Limitations: Limited by data quality and
similarity.  May not have data
from all routes of exposure of
interest.  Same mode-of-action
across components may not be
known.



Uncertainties:  Judgment of relative potency
factors.  Similarity of toxicologic
action.  Missing data on some
components.



2.6.2. Independence and



Response Addition



Response addition may apply



when components act on different



systems or produce effects that do



not influence each other.  Under



response addition, the chemicals in



the mixture are assumed to behave



independently of one another, so that



the body’s response to the first



chemical is the same whether or not



the second chemical is present. 



Mathematically, response addition



can be described by the statistical



law of independent events, with



“response” measured by the



percentage of exposed animals that



show toxicity or the proportion of



the population responding. 



Response addition is particularly



useful when the effects of concern



are thought to be present at low dose



levels for each of the component



chemicals, even though it is highly



unlikely the effects are capable of



being observed at these low levels in



the environment.  When interaction



data are available on any of the



components in the mixture, the risk



assessor may provide a qualitative



discussion of the likely effect of



these data on the outcome of the



mixture risk assessment under



response addition (see Sections



2.2.4, 4.5.4).
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2.6.2.1.  User Fact Sheet:  Response Addition



The user of this guidance document can follow
Figure 2-1 to determine that the data available are on the
components of the mixture of concern and that there is
evidence of toxicologic independence of action.  Then a
procedure is suggested for estimating risk from exposure
to the mixture by using Response Addition, as
encapsulated in the following user information fact sheet.



Approach: Response Addition
Type of Assessment: Risk Characterization for Any



Toxic Endpoint
Section(s): 4.1, 4.5
References: Used extensively for cancer. 



Used in Superfund site
assessments (U.S. EPA, 1989a).



Data Requirements: Method requires both toxicity data
(measured in percent responding)
and exposure data on the
mixture’s components.  Good
dose-response data are needed,
such as what is available on IRIS
(U.S. EPA, 2000a). 



Strategy of Method: Risk of an effect is estimated for
each component using its dose-
response curve at the
component’s exposure
concentration.  Component risks
are added, using the
independence formula, to yield a
risk estimate for the total mixture
for the specific exposure.



Ease of Use: Easy to calculate.
Assumptions: Assumes toxicologic



independence of action. 
Assumes interactions are not
significant at low exposures.



Limitations: Limited to low exposure
concentrations.  Slight
overestimate of mixture’s upper
bound on risk when adding
individual component upper
bound estimates.  Restricted to
independence of action. 



Uncertainties:  Independence of action. 
Accuracy of exposure data. 
Individual risk estimates may vary
in quality.



2.6.3. Interactions Data



Toxicologic interactions are



operationally defined by the



existence of data showing significant



deviations from a “no interaction”



prediction; that is, the response is



different from what would be



expected under an assumption of



additivity (e.g., dose-additive,



response-additive).  Types of



interactions among mixture



components that can affect



toxicologic response to the whole



mixture include chemical-to-



chemical, toxicokinetic, and



toxicodynamic interactions (see



Table B-2 and Appendix C).  The



impact of these constituent



interactions on toxicologic response



can be less than additive (e.g.,



antagonistic) or greater than additive



(e.g., synergistic).  The component-



based method discussed in this



document that incorporates



interactions information is the



interaction-based HI.  











-31-



2.6.3.1.  User Fact Sheet:  Interaction-Based Hazard
Index



The user of this guidance document can follow
Figure 2-1 to determine that the data available are on the
components of the mixture of concern and that interactions
data are available.  Then a procedure is suggested for
estimating risk from exposure to the mixture by
incorporating information on binary combinations of the
components using an interaction-based hazard index, as
encapsulated in the following user information fact sheet.



Approach: Interaction-Based Hazard Index
Type of Assessment: Risk Characterization for Any



Toxic Endpoint
Section(s): 4.1, 4.3
References: New procedure (Hertzberg et al.,



1999). 
Data Requirements: Method requires both toxicity and



exposure data on the mixture’s
components, and interactions
data on at least one pair of    
components. 



Strategy of Method: Scale component exposure
concentrations by a measure of
relative potency (typically, divide
by a reference dose/concentration
[RfD/C]) for components with a
similar mechanism-of-action.  
Modify this term with data on
binary interactions.  Add
scaled/modified concentrations to
provide an indicator of risk from
exposure to the mixture of
concern.  



Ease of Use: Complicated to use.
Assumptions: Assumes binary interactions are



the most important.  Assumes
interaction magnitude is not dose
dependent, but depends on
component proportions.  



Limitations: Limited interactions data are
available.  Model with relative
proportions is untested. 
Interaction magnitude is often a
default because of lack of
measurement data.  



Uncertainties:  Binary interactions used to
represent the interactions for the
whole mixture.  Accuracy of
exposure data.  Accuracy of
default for interaction magnitude.



2.7.  FUTURE DIRECTIONS



2.7.1.  Overview



Risk assessment methods for



chemical mixtures are progressing



along paths similar to risk



assessment for single chemicals, by



incorporating more knowledge of



specific modes of toxicologic action



of the chemicals and by greater use



of statistical methods and



mathematical models.  Where the



field differs, however, is in the more



extensive use of quantitative



inference from tested chemicals to



untested chemicals.  Mixture



exposures can be extremely varied,



with differences in total dose,



composition, and relative



proportions.  Consequently, only a



small fraction of environmental



mixtures can actually be tested for



dose-response characteristics.  Two



options then seem feasible: directly



investigating a few high-priority



mixtures, and, for the remainder,



developing extrapolation methods



for using available data on the



mixture components or on similar



mixtures. 



The first option requires



priority setting, which for mixtures



is its own research area (Cassee et



al., 1998).  The characteristics to



include in a mixture prioritization



scheme should parallel those often



cited for single chemicals: target
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those mixtures posing the highest public health risk.  The supporting data could include annual



emissions of mixtures, frequency of occurrence of mixtures in the environment, identity of



mixtures containing highly toxic chemicals, or documented health problems in populations



exposed to identified mixtures.  Because most interaction data are on chemical pairs, one



approach would include the frequency of occurrence of chemical pairs in the media associated



with the exposure scenario to be regulated.  The prioritization should also consider the



availability of interaction data.  For high-priority mixtures lacking such data, other assessment



methods may be needed.  The various regulatory program areas, such as Superfund waste sites,



ambient air, and drinking water, pose substantially different kinds of mixtures and exposure



conditions, so that a priority list for one program may not be appropriate for a different



regulatory program.



Once a few mixtures posing the highest concern have been identified, researchers should



seek to evaluate their exposure, toxicity, and risk characteristics.  Because even the highest



priority mixtures are likely to pose complex and varied exposure possibilities, much of the



research effort should involve developing highly efficient experimental designs, short-term



toxicity assays, and uncertainty methods so that several scenarios can be characterized for each



mixture. 



The second option, for addressing all the remaining mixtures, is to develop methods that



can extrapolate exposure and toxicity estimates from available data to the scenario of concern.  In



addition to the issues being addressed by extrapolation methods for single chemicals (e.g., cross-



species, cross-route), mixtures issues also include interactions and changes in composition.



Interactions issues include the commonly observed toxicologic interactions that influence



pharmacokinetics, as well as the less-studied areas of physiological interactions between affected



tissues or organs, and the biochemical and physical interactions affecting degradation and



transport of mixtures in environmental media.  Because of the wide variety of mixture exposures,



all relevant information should be tapped to improve the understanding of the basic biological



and chemical processes.  For example, to improve dose-response extrapolation, toxicology



experiments, epidemiology and occupational studies, and mathematical model development



should be pursued simultaneously.



Mixtures research should be efficient.  The complexity of the issues is beyond the reach



of any single agency.  Sharing of resources and information within different sectors of EPA as



well as with other agencies is essential.  Several such efforts are underway.  The Integral Search



System (Arcos et al., 1988) and the Mixtox database (Marnicio et al., 1991) are two EPA



collections of bibliographic summaries of interaction studies that are available to the public.



Additional databases should be developed, perhaps jointly with the public, on mechanisms and



modes of toxicologic interaction and on mathematical models of biological processes influencing
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the interactions.  The National Institute for Occupational Safety and Health (NIOSH) has a



Mixed Exposures research program whose advisory committee includes representatives from



EPA, other federal agencies, and research institutions.  EPA, NIOSH, and the Agency for Toxic



Substances Disease Registry (ATSDR) have organized the Mixed Exposures Research Group



(MERG), composed of almost 20 federal and state agencies, to share regulatory approaches. 



MERG seeks to facilitate interagency communication and jointly sponsored research projects on



mixtures.  Additional cooperative efforts should be pursued with the public and foreign agencies.



Mixture risk assessment methods should ideally be developed in conjunction with those



laboratory and field studies that are needed for implementation as well as validation.  Otherwise,



the methods become conceptual models that cannot feasibly be applied, or decision tools whose



accuracy cannot be tested.  One example concerns interaction studies, such as those detailed in



the EPA’s Mixtox database (Marnicio et al., 1991; U.S. EPA, 1990) of in vivo toxicologic



interaction studies.  In the Mixtox database, 95% of the studies involve only pairs of chemicals



(Teuschler and Hertzberg, 1995).  Consequently, the interaction-based Hazard Index (Section



4.3) was developed for pairwise interactions to allow use of available data.  Interaction studies



are in progress by research groups in EPA’s National Center for Environmental Assessment



(NCEA) and National Health and Environmental Effects Research Laboratory (NHEERL) to



provide the toxicity data and data analysis methods for validation of the index.  



The information required for evaluation of the extrapolation methods in this document is



generally not yet available.  The number of pairs studied for interactions is a small fraction of the



number of possible chemical combinations, and the number of whole mixtures studied is far



smaller yet.  For example, with a simple mixture of only 20 chemicals, there are 190 pairs, but



over a million possible combinations (pairs, triples, etc.).  Because of this sparseness of existing



data, both on whole mixtures and on interactions, the accuracy of these extrapolation methods



will be difficult to judge.  The inferential procedures for mixture risk discussed in this document



are then likely to be adopted based on scientific plausibility and on relatively few validation



studies.  The validation process is valuable, even when incomplete.  As was found with the



analysis of the consistency of pairwise interactions (Durkin et al., 1995), the evaluation of the



mixture risk tools will likely spawn research questions that lead to new statistical, exposure, and



toxicologic studies, and subsequently to better risk tools.



2.7.2. Research Suggestions for Improving Mixture Risk Assessment



Several research directions have been suggested during the development of this guidance



document.  Although specific projects have been identified related to dose-response assessment,



the highest priority was the preparation of guidance on exposure assessment of mixtures.  Some



of the key concerns with exposure assessment are discussed in this document (Section 2.4).  The
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need is for specific procedures for measurement and modeling of exposures for various



scenarios, along with the corresponding methods for characterizing the uncertainties.  The Risk



Assessment Forum created an advisory panel in 1999 to decide the scope and project



requirements for a framework for cumulative risk assessment.  A major component of that



framework is the exposure assessment of mixtures.  Some specific areas for exposure assessment



that have been suggested during review of this guidance are given in the list below.



Among the next highest priorities was research aimed at the evaluation and improvement



of the dose-response methods in this guidance document.  In particular, the comparative potency



method for whole mixtures and the interaction-based Hazard Index need to be demonstrated with



different kinds of mixtures.  Methods for validation of these two methods also need to be



developed, followed by the validation exercise itself for several different mixtures.



The most often mentioned research area was uncertainty analysis.  Each of the methods in



this guidance document produces a single risk estimate.  An initial goal is to present that risk



estimate as a plausible range in addition to the single recommended value.  A related goal is to



present a range of risk estimates that reflects all the risk methods applied to the mixture of



concern, i.e., the uncertainty in model selection.  Data uncertainties should also be addressed, at



least by sensitivity analysis.  Subsequent efforts should pursue more complete uncertainty



characterization, including methods for choosing the default distributions for the parameters and



variables in each method.  Uncertainty characterization is also one of the components of the



Forum’s cumulative risk framework project, so further work will commence in this area over the



next few years.



The other main research needs raised during the authoring and review of this guidance



document covered a wide range of scientific areas.  The most commonly discussed topics are in



the following list.  The research areas are roughly grouped by scientific discipline or application.



Exposure assessment



• data and models for degradation over several years (e.g., pathogens in
groundwater, pesticide mixtures in soil).



• models/data for chemical and biological interactions influencing mixture
transport.



• mixture changes (chemical composition, relative proportions) from facility
failures (e.g., drinking water, municipal combustors).



• procedures for artificial degradation or weathering of complex mixtures.
• procedures for monitoring mixtures when there are hot spots with each spot



having a different driver chemical.
• biomarkers of exposure that are specific to single chemicals or chemical classes



and mathematical models that relate the biomarker to existing or prior external
exposure levels, and to tissue levels and/or tissue-specific toxic effects.
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Statistical/mathematical methods



• formulas for incorporating independence when adding upper-bound risks (n > 3).
• concepts and methods for tolerance distributions for n > 2 chemicals.
• uncertainty analysis, i.e., Bayesian, Monte Carlo simulation for each of the



mixture risk assessment procedures.
• efficient and stable numerical methods for modeling highly complex interacting



systems (hundreds of chemicals, multiple tissues, time-variable exposures).
• statistical graphics methods for demonstrating and displaying interactions in



multichemical mixtures (n > 5).



Biomathematical models



• models for describing the dependence of interaction magnitude on total dose and
on component fractions.



• biologically based models that separate out the relative differences of chemicals in
terms of pharmacokinetics and pharmacodynamics.



• models that incorporate aging and growth, and more physiological processes and
factors than just flows to major organs and tissues.



• models for initiation-promotion interactions that include background exposures to
initiators or promoters.



Human studies



• database of epidemiology studies with exposure-response information on
mixtures.



• database of occupational health studies with exposure-response information on
mixtures.



• methods for estimating interaction magnitudes in epidemiology studies that relate
to (are consistent with) physiologic measures of interaction magnitude.



• information on background exposure levels, background prevalence of health
conditions, and those population characteristics that indicate increased
susceptibility to toxic chemicals, including models that quantify the influence of
population characteristics on toxicology.



Toxicology



• modes and mechanisms of interaction for carcinogens.
• data describing the dependence of interaction magnitude on total mixture dose and



on component fractions.
• concordance across animal species of specific toxic effects, modes of action, and



modes of interaction.
• data and modes of interaction for inhibition (one chemical is nontoxic).
• data and concepts for particulate interactions with other airborne chemicals.
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• more examples and methods for short-term whole-mixture toxicity testing,
particularly data showing the representativeness of in vitro studies to represent in
vivo toxicity.



• relationships between mode of toxic action and mode of interaction.
• concepts, mechanisms or modes of action, or toxicity data to explain the



mathematical interaction models of proportional response addition and straight-
line isoboles that are not parallel.



• interaction studies on major chemical classes to establish empirical interaction
classes based on interaction patterns.



• test procedures that mimic real-world exposures (e.g., species-adjusted
intermittent exposures to correspond to occupational exposure patterns)



• biomarkers of toxicity that are specific to single (or related) toxic effects and
mathematical models that relate the biomarker to actual measurable toxic
endpoints.



Risk methods



• development of screening assays for mixtures to identify combinations of
chemicals that are most toxic or that potentially interact.



• risk estimation for a mixture of mixed types, including similar, independent, and
interacting chemicals with same target organ, e.g., for classes with similar (RPF)
chemicals and other chemicals.



• risk estimates or qualitative risk indicators for unidentified chemicals in a mixture
(see U.S. EPA, 1998d.  Comparative risk framework methodology and case study.
SAB external review draft.  NCEA-C-0135).



• MOE methods for carcinogens using response addition.
• RPFs from dose-response data on all chemicals, as improvement over HI because



it allows actual estimate of toxicity from the index chemical’s dose-response
curve.



• use of interaction patterns for estimating interaction direction in a chemical class.
• methods for prioritizing chemical pairs (air, drinking water) for further study on



the basis of health risk.
• methods for prioritizing complex mixtures for further study on the basis of health



risk.
• methods for prioritizing complex mixtures for further study on the basis of



degradation potential.
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3.  METHODS FOR WHOLE-MIXTURES DATA



3.1.  INTRODUCTION



If whole-mixture data are available, then one approach to the health risk evaluation of a



chemical mixture is to perform a risk assessment using health effect, dose response, and exposure



data on the complex mixture.  Health effect and dose-response data include human



epidemiologic, clinical, or occupational studies; animal studies on the complex mixture; or in



vitro data on the complex mixture.  Exposure data include both environmental measurements and



human activity patterns that take into account environmental fate, temporal patterns of exposure,



and routes of exposure.  The evaluation of whole mixtures in this document is subdivided into



categories depending on data availability:  data directly on the mixture of concern, data on a



sufficiently similar mixture, or data on a group of similar mixtures. 



3.1.1.  Data Available on the Mixture of Concern



For predicting the effects of subchronic or chronic exposure to mixtures, the preferred



approach is to use subchronic or chronic health effect, dose-response, or exposure data on the



mixture of concern and adopt procedures similar to those used for single compounds, either



systemic toxicants or carcinogens (see U.S. EPA, 1987, 1989a, 1996a,d).  Exposure and toxicity



data on the mixture of concern are most likely to be available on highly complex mixtures such



as coke oven emissions, which are generated in large quantities and associated with or suspected



of causing adverse health effects.  Issues that need to be considered in order to justify performing



a risk assessment directly on the mixture of concern include bioavailability to humans of the



mixture in the environment, stability or variability of the mixture composition over time,



consistency of the mixture composition relative to its source, and potential differences between



the mixture tested in the laboratory and the mixture found in the environment.  These factors



should be taken into account or the confidence in and applicability of the risk assessment is



diminished.



3.1.2.  Data Available on a Sufficiently Similar Mixture



If adequate data are not available on the mixture of concern, but health effects data are



available on a similar mixture, a decision should be made whether the mixture on which health



effects data are available is or is not “sufficiently similar” to the mixture of concern to permit a



risk assessment.  The determination of “sufficient similarity” should be made on a case-by-case



basis, considering not only the uncertainties associated with using data on a surrogate mixture,



but also contrasting the inherent uncertainties if one were to use other approaches, such as



component-based methods.
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In determining whether a mixture is sufficiently similar, consideration should be given to



any available information on the components that differ or are contained in markedly different



proportions from the mixture of concern.  In addition, if information exists on differences in



environmental fate, uptake and pharmacokinetics, bioavailability, or toxicologic effects for either



of these mixtures or their components, it should be considered in deciding on a risk assessment



approach.  If such information is not available, it should be identified as a source of uncertainty. 



If toxicity data for the sufficiently similar mixture are only available for a different exposure



route than the environmental route being addressed, extreme care should be used to ensure that



the results are applicable, and that any effects restricted to the portal of entry to the body are



appropriately discounted.



3.1.3.  Data Available on a Group of Similar Mixtures



In some cases, data are available on a group of similar mixtures that are known to be



generated by the same commercial process or emissions source, but that vary slightly in



composition, depending on factors such as time since emission, environmental transformation, or



geographic location of emission sources.  Data are then available on several mixtures with the



same components but with different component exposure levels, so that the likely range of



compositional variation is covered.  If such data are available, an attempt should be made to



determine if significant and systematic differences exist among the chemical mixtures.  If



significant differences are noted, ranges of risk can be estimated based on the environmental fate



data, chemical structures, and toxicologic data of the various mixtures (Section 3.4).  If no



significant differences are noted, then a risk estimate can be made by extrapolating across these



similar mixtures by comparing toxicity across various assays (Section 3.3).  



A group of mixtures may be considered similar if they have the same components but in



slightly different ratios or have several common components but a little fewer or additional



components.  This judgment can be based on empirical measurements or on indirect evidence. 



The risk assessor should be able to support the assumption of toxicologic similarity and can do so



by using any of a number of approaches:  (1) establishing that a common mode of action exists



across the mixtures or their components; (2) showing consistency in results of short-term



screening assays; (3) distinguishing chemical class or chemical structure similarity; (4)



identifying common components across the mixtures in similar proportions; and (5) establishing



a common source of formation or emission for the group of mixtures.    
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3.1.4.  Environmental Transformations for Whole Mixtures



A mixture's composition can change over time in the environment and thus become an



issue for the development of a whole-mixture risk assessment.  The impact of this phenomenon



is that the exposure assessment will not fully characterize the mixture in terms of its chemical



components, often because of suspected changes over time in the mixture composition or



because of incomplete identification of the individual chemical components (see Section 2.4 on



exposure issues).  



Whenever the mixture composition is affected by environmental factors, the uncertainty



and possible bias in the resulting risk assessment should be clearly described.  Attention should



also be given to the persistence of the mixture in the environment as well as to the variability of



the mixture composition over time or from different sources of emissions.  The assessment



should also discuss methods for improving the assessment, including gathering of more data as



well as employing other measurement or extrapolation techniques.



3.1.5.  Uncertainties With Whole-Mixture Studies



Even if a risk assessment can be made using whole-mixture data, it may be desirable to



also conduct a risk assessment based on toxicity data on the components in the mixture using



procedures outlined in Chapter 4.  When a mixture contains component chemicals whose critical



effects are of major concern, e.g., cancer or developmental toxicity, an approach based on the



mixture data alone may not be sufficiently protective in all cases.  For example, the whole-



mixture approach for a two-chemical mixture of one carcinogen and one toxicant would use



toxicity data on the mixture of the two compounds.  However, in a chronic study of such a



mixture, the presence of the toxicant could mask the activity of the carcinogen.  That is to say, at



doses of the mixture sufficient to induce a carcinogenic effect, the toxicant could induce



mortality so that at the maximum tolerated dose of the mixture, no carcinogenic effect could be



observed.  Since carcinogenicity is generally considered by the Agency to be an effect of concern



even at extremely low doses, it may not be prudent to conclude that the lack of a carcinogenic



effect from such a bioassay indicates the absence of cancer risk at lower doses.  (The type of



carcinogenic effect is also a factor here; for example, low doses of a promoter are generally less



of a concern than of a genotoxic carcinogen.) Consequently, the mixture approach should be



modified to allow the risk assessor to evaluate the potential for masking, of one effect by another,



on a case-by-case basis.



For most noncarcinogenic effects, reduced exposure levels lead to reduced severity of the



effects.  Carcinogenic effects have traditionally been assumed by EPA to be potentially fatal, so



that reducing the exposure only lowers the expected response rate; the effect severity remains



high.  Environmental exposures, even at lower levels than those in the study, to a mixture with a











-40-



known carcinogenic component then may pose a cancer risk in spite of negative results from a



whole-mixture study.  Another example is a whole-mixture assay that did not show



developmental effects.  Any developmental toxicity is considered an effect of major concern.  If a



component chemical is a known developmental toxicant, then the whole-mixture data should be



carefully reviewed for a possible lack of statistical power or toxicologic sensitivity. 



Environmental exposures to such a mixture may then pose a risk of developmental toxicity in



spite of the lack of developmental effects in the whole-mixture study.  In such cases, the



uncertainty caused by the known effects of the component chemicals should be discussed. 



Additional evaluation may be warranted before developing the risk characterization.



3.2.  WHOLE-MIXTURE RFD/C AND SLOPE FACTORS



3.2.1.  Introduction



A dose-response assessment has been done by the Agency for several whole mixtures (see



Sections 3.4.2 and 3.4.3 below).  Under certain conditions, a dose-response assessment can be



determined for the mixture itself; a major requirement is that the mixture composition be stable. 



This implies that for the exposure duration addressed by the risk assessment, the relative



proportions of the mixture component chemicals are roughly constant so that the mixture can be



treated as though it were a single chemical.



The use of such a dose-response estimate depends on whether the environmental mixture



of concern and the mixture whose data are used to derive the dose-response assessment can be



considered either exactly the same or sufficiently similar.  This concept of “sufficient similarity”



can be viewed along a continuum beginning with exposure and dose-response data directly on the



environmental mixture of concern (e.g., human data from an occupational study) to comparing a



mixture for which laboratory dose-response data are available to an environmental mixture (e.g.,



animal toxicity data on a commercial mixture as compared with the same product that has



chemically degraded to some degree in the environment).  If the mixtures are highly similar, the



dose-response assessment can be applied with high confidence.  As the mixtures being compared



become less similar, there would be less confidence in applying a dose-response assessment



because the mixtures would have different components, or different concentrations of the same



components, so that there would be a greater potential for different toxic effects to occur that



would mask the toxic effect from exposure to the mixture of concern.  Thus, the risk assessor



should be able to apply dose-response assessments with confidence from highly similar mixtures,



know the problems of applying them for less similar mixtures, and make some judgment about



where on this continuum each case lies.











-41-



A dose-response assessment for a single chemical by an oral route of exposure may result



in the calculation of a reference dose (RfD), defined on the Agency’s Integrated Risk Information



System (IRIS) as follows (U.S. EPA, 2000a):



The RfD is an estimate (with uncertainty spanning perhaps an order of magnitude)
of a daily exposure to the human population (including sensitive subgroups) that
is likely to be without an appreciable risk of deleterious effects during a lifetime.



The RfD is used for oral exposures.  For inhalation exposures, the analogous value is the



reference concentration (RfC) (U.S. EPA, 1994a).  The RfD is based on the assumption that for a



critical effect, such as cellular necrosis, there exists a dose level at which the effect is not



observed, not expected to occur, or is at a level of severity that is not of concern (e.g., the effect



is reversible or is a mild precursor effect).  The mixture RfD is then given as a daily dose (e.g.,



mg/kg/day), where the mg exposure is for the mixture as a whole.  The mixture RfD can be



interpreted as an RfD for a single chemical, and its use in a risk characterization, e.g., a Hazard



Index calculation (see Section 4.2), judged similarly.  An analogous approach can be taken to



calculate an RfC or a slope factor (U.S. EPA, 1987, 1996a).  Data either on the mixture of



concern or on a sufficiently similar mixture can be considered for developing these dose-



response assessments with accompanying discussions of similarity judgment and uncertainty.



3.2.2.  Examples of RfD Development for a Whole Mixture



Among the first mixture RfDs were those developed by the Agency’s Reference



Dose/Reference Concentration Work Group (RfD/C WG) for the commercial PCB mixtures



Aroclor 1016, Aroclor 1248, and Aroclor 1254 in the early 1990s, with the resulting information



made available on IRIS (U.S. EPA, 2000a).  RfDs were derived for Aroclor 1016 and Aroclor



1254, but Aroclor 1248 was deemed “not verifiable.”  Some details on Aroclor 1016 are



provided below to illustrate this procedure for a whole mixture.  For additional information, see



the IRIS database.



3.2.2.1.  Aroclor 1016



After a review of the spectrum of effects found in available studies on Aroclor 1016, the



RfD/C WG selected a critical effect of reduced birth weights in a monkey reproductive bioassay



(Barsotti and van Miller, 1984) to establish an RfD of 7E-5 mg/kg/day.  This assessment was



supported by a series of reports that evaluated perinatal toxicity and long-term  neurobehavioral



effects of Aroclor 1016 in the same groups of infant monkeys (Levin et al., 1988; Schantz et al.,



1989, 1991).  An uncertainty factor (UF) of 100 was used: a 3-fold factor is applied to account
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for sensitive individuals; a 3-fold factor for extrapolation from rhesus monkeys to humans; a



threefold factor for limitations in the database, particularly relative to the issue of male



reproductive effects; and a threefold factor for extrapolation from a subchronic exposure to a



chronic RfD.



The NOAEL was selected and UFs applied as if Aroclor 1016 were a single chemical. 



The RfD/C WG did, however, provide statements concerning the uncertainty in this assessment,



its applicability to humans, and its use by risk assessors given that the substance is a mixture. 



The guidance that was provided on IRIS includes:



“Confidence in the critical studies is rated medium since essentially only one group of
monkeys has been examined.  The initial study was well conducted in a sensitive animal
species (rhesus monkeys) that closely resembles humans for many biological functions. 
These studies evaluated many sensitive endpoints of PCB toxicity and the effects
observed have also been documented for human exposure.



“The database for PCBs in general is extensive.  Studies examining Aroclor 1016 have
been performed in rhesus monkeys, mice, rats, and mink.  However, despite the extensive
amount of data available, only medium confidence can be placed in the database at this
time.  It is acknowledged that mixtures of PCBs found in the environment do not match
the pattern of congeners found in Aroclor 1016, therefore the RfD is only given medium
confidence.  For those particular environmental applications where it is known that
Aroclor 1016 is the only form of PCB contamination, use of this RfD may rate high
confidence.  For all other applications only medium confidence can be given.”



3.2.3.  Example of Cancer Assessment for a Whole Mixture



A dose-response assessment was performed for coke oven emissions, with the results



loaded onto IRIS in 1989 (U.S. EPA, 2000a).  Coke oven emissions were determined to be a



human carcinogen, causing increased risk of mortality from cancer of the lung, trachea, and



bronchus; cancer of the kidney; cancer of the prostate; and cancer at all sites combined in coke



oven workers.  The inhalation unit risk, defined as the quantitative estimate in terms of



incremental or excess risk per �g/m3 air breathed, of 6.2E-4 per �g/m3) was based on respiratory



cancer in males exposed in an occupational setting to coke oven emissions.  This assessment is



different from most cancer quantitative assessments found on IRIS because it is based on



epidemiologic data on the exposure of concern and because the coke oven emissions mixture is



evaluated as if it were a single chemical.  The IRIS description of the quantitative assessment of



the Lloyd-Redmond cohort data (Lloyd et al., 1970; Lloyd, 1971) is as follows:



“Respiratory cancer was considered the most appropriate basis for quantitation, as it was
the common finding among epidemiologic studies.  U.S. EPA (1984) calculated an
inhalation unit risk estimate based on the Lloyd-Redmond cohort data assembled by











-43-



Mazumdar et al. (1975) and sorted by Land (1976).  The total background U.S. death rate
was used as a basis of comparison rather than the death rate for nonwhite males.  A
composite unit risk estimate of 6.2E-4 per �g/cu.m was obtained by calculating the
geometric mean of the 95% upper bound estimates obtained for four latency periods (0, 5,
10, and 15 years).  This value estimates the human lifetime respiratory cancer death rate
due to continuous exposure to 1 �g/cu.m of the benzene-soluble organics extracted from
the particulate phase of coal tar pitch volatiles from coke oven emissions.”



Although coke oven emissions are known to be a complex mixture, differences in



components for the various mixtures exposures were not a part of this assessment.  As indicated



in IRIS, the exposures consist of direct exposure to either coke oven emissions by workers or to



the emissions’ extracts and condensates in animal inhalation studies and skin-painting bioassays. 



The general composition of these emissions is assumed to be stable.  The only mention of



components is made in reference to mutagenicity studies of whole extracts and condensates,



where these studies were also done on individual components.  These studies provided



supportive evidence for carcinogenicity.



3.2.4.  Procedure for a Whole-Mixture Dose-Response Assessment



If a risk assessor wants to calculate an RfD, RfC, slope factor, or other dose-response



estimate for a whole mixture, the general process is to assume the mixture can be treated the



same as a single chemical and proceed with the established methodology for generating that



estimate.  This procedure is essentially the same whether the available data are directly on the



mixture of concern or on a sufficiently similar mixture.  In the latter case, the risk assessor must



support the similarity assumption in addition to following the single-chemical procedure.  The



difference for the mixture assessment lies in several areas: data requirements, the establishment



of the stability of the mixture, cautions relative to dose-response models for mixtures data,



discussions of the uncertainty relative to the mixture assessment, and the need for guidance on



the use of the estimate given that it is based on mixtures data.  The following procedural



requirements must be considered:



(1) Data collection and requirements:  Human data are preferred for the assessment
from either epidemiologic studies on the exposure of concern or from human
clinical studies directly on the mixture of concern (e.g., clinical studies on
pesticide mixtures).  In their absence, a strong animal database, such as the
primate data that were used for the Aroclors, is needed.  These data should be
supported by either animal toxicity data on the commercial mixtures or on extracts
from the environmental/occupational exposure, or by human or animal toxicity
data on the major components of the mixture that are deemed to be responsible for
the majority of its toxic effects.  Assays that describe the mode of action for the
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mixture are also desirable.  In addition, there may be other data requirements for
the methodology of the toxicity value that is being estimated, and these should be
met. 



(2) Stability of the mixture: The risk assessor must ascertain that the mixture in
question is relatively stable.  Some of the issues that need to be considered include
stability of the mixture in the environment, variability of the mixture composition
over time, sources of the mixture, and potential differences between mixtures
tested in the laboratory and those in the environment (e.g., bioavailability and
route of exposure).  In determining stability, consideration should be given to any
information on the environmental exposure that may cause the components to
occur in markedly different concentrations or proportions; if this is the case,
information should be gathered to examine any differences in environmental fate,
in uptake and pharmacokinetics, or in toxicologic effects.



(3) Sufficient similarity (when available data are on a similar mixture): A decision
must be made whether the mixture on which health effects data are available is or
is not “sufficiently similar” to the mixture of concern, using the criteria discussed
in Section 3.1.2.  The risk assessor must consider the number of components that
are the same across the mixtures, the differences in their proportions, common
modes of action across the mixtures or their components, and common sources of
formation or emission for the group of mixtures.  Whatever judgment is made
must be supported by the risk assessor.



(4) Dose-response assessment: The same procedures may be used as is common for
single-chemical dose-response assessments.  The NOAEL RfD/C approach or
benchmark dose methodology, with the application of appropriate uncertainty
factors, can be used for development of one of these values (U.S. EPA, 1996d,
1999).  The approaches recommended in the Proposed 1996 Cancer Guidelines
(U.S. EPA, 1996a) may be used to develop estimates of cancer dose response. 
There should be some caution, however, in applying dose-response models to
whole-mixture data (e.g., applying a Weibull model to generate a benchmark dose
or using the linearized multistage procedure).  Dose-response models that are
empirical and are based on toxicity data similar to the environmental exposure of
interest are more reliable than those requiring substantial extrapolation, either to a
different exposure route or to a much lower dose (concentration) than was used in
the original toxicity studies.  The risk assessor must recognize that dose-response
models used for single compounds are often based on biological modes of action
of the toxicity of single compounds, and may not be as well justified when applied
to the mixture as a whole.



(5) Guidance on the uncertainties and usefulness of the assessment: The risk assessor
must fully characterize the nature of the data upon which the estimate has been
made, noting the relevance of the animal, epidemiologic, or clinical data to
environmental exposures.  Investigations that were made into establishing the
stability of the mixture should be disclosed, with uncertainties discussed.  The risk
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assessor must also be aware of environmental fate issues that may make the
mixture too unstable to be characterized by laboratory toxicity or epidemiologic
data (e.g., the mixture may exist only up to a certain distance from the emissions
source).  Attention should be given to the persistence of the mixture in the
environment as well as to the variability of the mixture composition over time or
from different sources.  If the components of the mixture are known to partition
into different environmental compartments or to degrade or transform at different
rates in the environment, then those factors must also be taken into account, or the
confidence in and applicability of the risk assessment are diminished.  The
confidence in the assessment must be discussed, along with any cautions relative
to its use in risk characterizations (see example in Section 3.2.2 for Aroclor 1016).



3.3.  COMPARATIVE POTENCY 



3.3.1.  The Comparative Potency Method



One of the few procedures for similar mixtures that has been developed and applied to



data on environmental mixtures is the comparative potency method.  In this procedure, a set of



mixtures of highly similar composition is used to estimate a scaling factor that relates toxic



potency between two different assays of the same toxic endpoint.  The mixture of concern can



then be tested in one of the assays (perhaps a simple assay, e.g., in vitro mutagenicity), and the



resulting potency is then adjusted by the scaling factor to estimate the human cancer potency.



Comparative potency approaches were developed as a means of estimating the toxicity of



a complex mixture in its entirety.  Thus far, this method has been applied to data from the testing



of mixtures of emissions released upon the combustion of organics (Albert et al., 1983; Lewtas,



1985, 1988).  In addition, the comparative potency procedure has only been applied to estimation



of long-term cancer unit risks, using surrogate test information from short-term cancer bioassays



and in vitro mutagenicity assays.  Comparable efforts for noncancer effects are just beginning to



be developed (Gandolfi et al., 1995).



The comparative potency method involves extrapolation across mixtures and across



assays.  It is restricted to a set of different assays that monitor the same, single type of health



effect, and to different mixtures that are considered toxicologically similar.  The basic



assumption is that the curves of dose response for the assays are the same shape and that the



relationship between any two mixtures will be the same, whichever assay is used.  That means, if



you stretch the curve of assay 1 to get the curve of assay 2 for mixture X, then you will stretch it



by the same amount for mixture Y.  You also assume the curve of assay 1 for mixture Y is the



same shape as for mixture X.  Similarly, if you move the curve for X by a certain amount to



obtain the curve of assay 2 from assay 1's curve, you would do the same for mixture Y.  A toxic



potency is one common single-numeric summary of the dose-response curve.  Using a numeric



summary allows multiplication and division to move from one assay or mixture to another. 











-46-



{  X   }  =  g ro u p  o f  m  s im ila r  m ix tu re s ,  w h ere  i = 1 , . . . , m
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i



P (X ) =  k *  P (X ),  fo r  a n y  X  in  th e  s im ila r ity  g ro u pA 2 i A 1 i i



Thus, if mixture X is twice as potent as mixture Y in assay 1, then X is twice as potent as Y in



assay 2.  This constancy of potency ratios can then be used to estimate potency for one mixture in



one assay by using data from other assays and on other similar mixtures.



The comparative potency approach is an example of a similar-mixtures approach to risk



assessment.  It is assumed that the mixture of concern can be considered a member of a class of



similar mixtures based on similarity of biologic activity, or reasonable expectation of a type of



biologic activity based on chemical composition.  In order to use a comparative potency method,



the risk assessor must test the consistency of dose response for the class of mixtures in question



and test the assumption of a uniform proportionality constant between assays for all mixtures in



the similarity class and for the series of bioassays under consideration.



3.3.2.  Theoretical Development



The major assumption in the comparative potency method is that there exists a simple



linear relationship between the mixtures’ potencies from each assay for all members of the group



of similar mixtures.  The assays themselves, however, need not provide linear dose-response



relationships.  Consider an application to cancer unit risk estimation.  A mixture with zero



potency (i.e., not carcinogenic) must have zero potency in each bioassay for carcinogenicity, so



the linear relationship across assays must pass through the origin (0,0) of the assay1-assay2 axes



and is then a simple proportionality constant.  This relationship is not chosen because it is



simple, but is used because the mixtures are deemed toxicologically similar, and thus can serve



as surrogates for one another.  These mixtures must then change in potency from one assay to



another in the same fashion.



In general, this assumption can be expressed as follows.  Define:



(3-1)



(3-2)



Let P represent the toxic potency.  Then the above proportionality assumption can be written as:



(3-3)



where k is the proportionality constant that relates the potencies across the two assays.  When



there are only two assays and two mixtures, this can be illustrated as in Figure 3-1, where k12



represents the constant proportionality between assays Al and A2, and c12 represents the constant



difference in potency between mixtures X1 and X2.
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P (X ) =  k * P (X )A r i sr A s i



P (X ) = 2  * P (X )A 2 2 A 1 2



When three or more assays are used to establish the necessary relationships, there will be



several such proportionality constants.  In general, for assays Ar and As (where r and s are



different and each in the range 1,...,n), the constant is ksr:



(3-4)



3.3.2.1.  Example With Two Assays



Suppose that we wish to estimate the human cancer potency for mixture X2; thus X2 is the



mixture of concern.  Although direct estimation of human cancer potency usually comes from



epidemiological or occupational studies, not actual bioassays on humans, we will stay with that



nomenclature for consistency with the preceding discussion.  Suppose that the available



information is the following:



• the group of similar mixtures contains four mixtures X1 through X4.
• mixture X1 is twice as potent for human cancer (assay A2) as it is for tumors from



mouse skin painting (assay A1), and the cross-assay potency ratios for mixtures
X3 and X4 are also roughly 2.



• the only potency estimate for X2 is from mouse skin painting studies.



The human cancer potency for X2 is then estimated as follows.  First, k in Equation 3-3 (or k12 in



Figure 3-1) can be estimated to be 2.  Because X2 is a member of the similarity class that includes



mixtures X1, X3, and X4 , the same cross-assay ratio holds for X2 as for all the other similar



mixtures.  From Equation 3-3 and the estimate of k=2, we then have the human potency estimate



for X2 as:



(3-5)



Note that if a graph were created plotting the data for these mixtures as points with the potency



for A2 on the y-axis and the potency for A1 on the x-axis, then the slope would be roughly 2. 



The decision to use this risk (potency) estimate from Equation 3-5 is better substantiated as the



graph becomes more linear.



3.3.2.2.  Example With Three Assays (see Figure 3-2)



A slightly more complicated situation involves three assays, with incomplete data for



each one.  Suppose again that we wish to estimate the human cancer potency for mixture H, and



that the available data are as follows:
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P (H ) =  k  * k  * P (H )A 1 3 2 2 1 A 3



• a potency estimate for mixture H has only been measured with the in vitro study
(assay A3).



• three or more mixtures (A, B, C, G in Figure 3-2 right) have been studied with
both assays A3 and A2 (short term in vivo rodent study), and three or more
mixtures (not the same group; A, B, C, D in Figure 3-2 left) have been studied
with both assays A2 and A1 (human cancer study).



• the two “cross-assay” constants k32 and k21 have been estimated separately using
these two subsets of the class of similar mixtures.



The estimate of human potency (assay A1), using the notation in Equation 3-4, is then calculated



by extrapolating from assay A3 to A2 and then from assay A2 to A1.  The calculation is just the



potency of H from assay A3 multiplied by the product of the two cross-assay constants:



(3-6)



As shown in Figure 3-2, the two graphs can be used together as a nomogram where the potency



of H on A1 is plotted from its potency on A3 (see dashed lines in the figure).  Note that because



data for H exist only with assay A3, the constants k32 and k21 are based only on data for the other



mixtures (A, B, C, D, G) and do not use data on mixture H at all.



3.3.2.3.  Example With Combustion Emissions



In this section, this methodology is applied to the estimation of human cancer unit risk



from exposure to polycyclic organic matter (POM) from such mixtures as cigarette smoke, coke



oven emissions, internal combustion engine emissions, and coal burned for heat and cooking



(Nesnow, 1990).  This example is only presented to illustrate the application of the comparative



potency method.  The unit risk estimates presented here are those published and do not



necessarily represent the current EPA risk estimates for the chemicals involved.



The data for this example are given in Table 3-1 and plotted in Figure 3-3.  The diesel



estimate for human cancer unit risk in Table 3-1 was derived based on a rat inhalation study,



from a different species than the other mixtures’ values.  The human potency estimates for the



other three mixtures are based on epidemiologic data, which allows us to gauge how this potency



prediction compares to the standard species-to-species extrapolation.  The regression line in 



Figure 3-3 is based on the data without diesel, and its slope represents the cross-assay



proportionality constant, or the way to scale from the mouse skin potency (A2) for diesel via the



remaining mixtures to the human unit risk (A1) from diesel.  This particular proportionality



constant (k = 4 × 10-4) is not significantly different from zero at one typical level of 0.05 (p =



0.14), though the adjusted model r-square is 0.91, which suggests the model explains a lot of the 
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P (d ie se l) =  (4 1 0 )* P (d ie se l).A 1
-4



A 2×



Table 3-1.  Comparative potency method for emission extractsa



Combustion product Mouse skin tumor initiationb Human lung cancer unit riskc



(��g/m3)-1



Coke oven emissions                     2.1 9.3 × 10-4



Roofing tar                     0.40 3.6 × 10-4



CSC                     0.0024 2.2 × 10-6



Diesel                     0.31 (0.7 × 10-4)d



a From Nesnow, 1990.
b Expressed as number of papillomas/mouse at 1 mg organics.
c Direct estimates from human data.
d The diesel value was based on rat inhalation data (Albert and Chen, 1986) and was adjusted
  for the percentage of organics on the particulates.



variability.  For our purposes, however, with only three points, a more relaxed significance level



(type I error rate) (e.g., � = 0.20) may well be good enough.  So we could substitute this value of



k in Equation 3-3 to get:



(3-7)



This estimate using comparative potency compares reasonably well with an estimate of  0.7 ×



10-4 derived by traditional single-substance methods from rodent data (Table 3-1).



3.3.2.4.  Use of Relative Potencies



Previous publications on comparative potency (Lewtas, 1985; Schoeny and Margosches,



1989) have performed the calculations using the “relative potency” (i.e., the ratio of the potency



of the mixture of concern to that of a “reference mixture”) in the same assay, instead of using the



actual mixture potencies.  Such scaling of the actual potencies does not add any information, nor



does it increase the flexibility of the approach.  Consider a graph of PA2 versus PA1 (i.e., the



mixture potencies for assay A2 plotted against the mixture potencies for assay A1; two such



graphs are shown in Figure 3-2).  Scaling a quantity by a constant (e.g., the reference mixture)



only changes the numbers on the axes of the graph, but the shape of the curve through the data



points remains unchanged.  Thus, regardless of the reference mixture used for scaling the



potencies, even if different in each assay, the only relationship required is that the same



proportionality constant across assays holds for all the similar mixtures.
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The use of a scaled potency for comparing assays has some advantages, however, because



all potencies are then “standardized” to be numbers near one (1.0), and the differences are more



easily visualized.  The problem occurs when tables of these standardized values are



used for calculations instead of for carrying out such statistical methods as a regression.  The



weakness with using relative potencies is that the relative potency for the reference mixture



(relative to itself) is always viewed as exactly 1.0; it is no longer perceived as a measured random



variable but is presumed to be exact, and the variation is all assumed to lie with the other



mixtures’ potencies. This is clearly wrong.  Consequently, regression across all mixtures should



be used instead.  But even when regression is used, and the index mixture value is displayed with



a confidence interval (e.g., 1.0 [0.5-2.8] ), the visual comparison will still tend to focus on other



values in comparison to 1.0.  To avoid misinterpretation, it is better to give an analysis of the
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“constant ratio” assumption (i.e., the assumption of Equation 3-3) separately from the table of



potency data.



3.3.3.  Procedure for Applying the Comparative Potency Approach



Using the comparative potency method requires gathering and analyzing data on several



mixtures along with considerable judgment of toxicologic similarity.  The approach should be



limited to the assessment of a mixture for which whole-mixture in vivo toxicity studies have not



been done, and where the composition of the mixture is deemed too complex for the application



of component-based assessment methods.  Because this is a methodology based on the



comparison of different mixtures and different types of data, and not on an extrapolation from



directly related human health data, it is expected that these estimates will be accurate only within



an order of magnitude.  The following main steps have been identified:



• Similarity of Mixtures:  Develop the class characteristics or other similarity
criteria for the group of mixtures, including the mixture of concern, in order to
support the assumption that the group of mixtures can be judged as
“toxicologically similar.”



• Data Collection:  Compile the available toxicity data on the mixtures in the
similarity class and evaluate them for general quality and applicability to the toxic
endpoints of interest for the mixture of concern.



• Potency Relationship: Describe the degree of consistency within the mixture
group of the cross-assay potency ratios, and estimate values to support the
constant potency ratio relationship.



• Dose-Response Characterization:  Describe the best estimates of the cross-assay
ratios along with all uncertainties in their application to human risk assessment for
the mixture of concern.



3.3.3.1.  Similarity of Mixtures



The comparative potency approach is built on the assumption that the mixtures under



consideration, including the mixture of concern, act in a similar manner toxicologically.  A



determination can be made that a group of mixtures is toxicologically similar by establishing



criteria that any given mixture must satisfy in order to be designated as a member of that group.



The risk assessor must be able to support the assumption that the mixtures are similar, and can do



so by using any of a number of approaches that define chemical structure or biologic criteria:  (1)



establishing that a common mode of action exists across the mixtures; (2) showing consistency in



results of short-term screening assays; (3) distinguishing chemical class or chemical structure



similarity; (4) identifying common components across the mixtures in similar proportions; and



(5) establishing a common source of formation or emission for the group of mixtures.  Although



there are references to the use of comparative potency for endpoints other than cancer (Albert,
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1985), the methodology has been used by EPA only for cancer potency prediction.  Use of



comparative potency for noncancer endpoints depends on the availability of accepted short-term



tests relevant to those endpoints.



The mixture class characteristics that are thought most useful for prediction are those



determined from data on biologic activity of the mixtures, specifically including whether the



mixtures cause an effect by the same mode of action.  It should be emphasized that, in estimating



human potency by extrapolating from in vivo or in vitro test data, expert judgment will be needed



to verify that a common mode of action may be expected to operate for the mixtures of interest



across the test systems.  For example, the mouse skin tumor bioassay has been shown to be an



appropriate system for estimating human lung tumor potency for PAH mixtures and alkylating



agents, but not for metal carcinogens (Nesnow and Lewtas, 1991); the conclusion is that different



modi operandi obtain for metals in humans than are seen in mouse lung.



Short-term screening tests can be used to determine similarity, including in vitro and in



vivo models.  Short-term testing to evaluate genetic toxicity (e.g., tests for DNA damage, gene



mutation, cell transformation) have been suggested to characterize similar mixtures (Nesnow,



1990).  Other test systems for carcinogenicity screening, such as the Syrian Hamster Embryo



(SHE) Cell Transformation Assay or the Japanese Medaka (Oryzias latipes), would also be



candidates for short-term screening of similarity.



The identification of the major components in common for the group of mixtures can be a



useful way to screen for similarity.  For example, a simple chemical fractionation that indicates



substantial amounts of polycyclic aromatic hydrocarbons (PAH) or aromatic amines are present



may be the basis for a preliminary grouping of similar mixtures.  Nesnow (1990) suggests that



common indicator constituents may be used to predict similar effects across mixtures when it can



be assumed that the indicator constituents are responsible for a significant amount of the adverse



effect.  As the number of major components within the group of mixtures increases and the



mixture becomes more complex, these methods are less reliable.  EPA researchers have



evaluated mixtures of up to 25 chemicals (Simmons et al., 1994) and describe difficulties in



toxicologic evaluation of complex mixtures (Simmons et al., 1995).  When this type of



component identification is performed, care must be given to the relative proportions of the



components within each of the mixtures to determine if differences in proportions are significant



enough to change the type or magnitude of the effects.



Another potential screening method for similarity of mixtures is to examine the



similarities of individual major chemical components by activity profile and/or structure-activity



relationships (SAR) analysis.  Nesnow (1990) suggests that EPA’s genetic activity profile (GAP)



software can be used to identify structurally and or biologically similar chemicals (Waters et al.,



1988a,b).  The OncoLogic Cancer Expert System developed for EPA (Woo et al., 1995a) can be
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used to screen for structurally and/or functionally similar chemicals with respect to



carcinogenicity as the toxicity endpoint.  Other SAR models can also be applied that will give



indications of expected toxicity.  For example, one module of the TOPKAT® structure-activity



relationship software that was developed for the EPA predicts the chronic rat LOAEL for



chemicals by using a linear regression of the LOAEL on chemical structure descriptors (Mumtaz



et al., 1995).  Other endpoints, such as the probability of carcinogenesis, can also be predicted



using the TOPKAT® model (Enslein et al., 1990).  Note that these SAR models are limited in that



they only generate predictions for single chemicals, which must be extrapolated to infer



similarity among a group of mixtures.



Consideration of the origin of the mixture provides another means for grouping; for



example, mixtures resulting from incomplete combustion of organics are expected to show some



degree of similarity.  The degree of similarity can be pursued by combining information from the



origin of mixture and chemical composition of archetypal mixtures.  Thus, the risk assessor could



expect mixtures of POM from various types of diesel engines to constitute a similarity class; one



could expect more common characteristics within this similarity subclass than across the whole



universe of combustion mixtures or with another combustion subclass (e.g., tobacco smoke



condensates).



3.3.3.2.  Data Collection



The act of collecting data for use in the comparative potency approach involves



compiling the available toxicity data on the mixtures in the similarity class and evaluating them



for general quality and applicability to the toxic endpoints of interest for the mixtures of concern. 



The data must be evaluated for relevance in two areas:  (1) to the toxic endpoint being assessed;



and (2) for the mixture class.  Assays most useful are those that can be shown to provide



measures of toxicologic changes generally accepted as relevant to the mode of action.  For



carcinogenicity there are many short-term or limited-scale assays generally considered to be



relevant to processes in humans: skin-painting in rodents, in vitro cell transformation, and



development of preneoplastic liver cell foci, to name a few.  For certain carcinogens that act by



altering genetic material, it is generally accepted that mutagenicity tests in vitro can provide



relevant data.  For noncancer endpoints there are fewer well-established short-term tests, but



changes in appropriate cellular receptor binding or enzyme levels are among those that could be



used.



A consideration for the suitability of assay systems is similarity of pharmacokinetics



among the systems and to the human situation.  For most assurance of similarity, the metabolites



produced and/or absorption characteristics for the chemicals/mixtures of interest should be



identical (or at least comparable) across the test systems.
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The data must also be evaluated in terms of providing information relevant to the human



health risk assessment of the particular mixture.  For example, Salmonella typhimurium strains



widely used for in vitro mutation tests have an endogenous nitroreductase enzyme system not



found in human cells.  One would need to consider relevance of data from Salmonella tests when



evaluating mixtures high in nitropyrenes that are easily activated by the bacteria, but may not be



metabolized to carcinogens by humans.



There are numerous points in deciding whether or how to apply comparative potency. 



Some of these are described in Schoeny and Margosches (1989).  The NRC (1988) publication



Complex Mixtures—Methods for In Vivo Toxicity Testing provides guidance not only for testing



but for sampling and interpretation of data.  Some decision issues are considered below.



1. Use of extrapolation procedures.  Extrapolations that are used for the comparative



potency approach should be carefully applied and justified.  For example, these may include



using animal data to estimate human risk, using subchronic data to estimate risk from chronic



exposures, using oral or dermal data to estimate inhalation risks, or using high-dose exposures



from long-term or short-term in vitro or in vivo tests to estimate risks from low exposures that



humans would typically encounter in environmental media.  Processes and considerations for 



some such extrapolations may be found in the original U.S. EPA Risk Assessment Guidelines



(U.S. EPA, 1986, 1987) (Appendix A) and subsequent guidelines for carcinogenicity,



developmental toxicity, reproductive toxicity, and neurotoxicity (U.S. EPA, 1996a, 1991a,



1996b, and 1998b, respectively).



2.  Availability of human data suitable for a quantitative assessment.  The original



demonstration of the comparative potency method used three combustion-related mixtures for



which there were human data sufficient for derivation of a human cancer unit risk estimate (as



shown in Section 3.3.2.3).  Human cancer unit risk estimates for  diesel emissions from specific



engine types were then derived from a central tendency estimate of the three existing human



cancer unit risks on the similar combustion mixtures (Schoeny and Margosches, 1989).  Greater



confidence can be attached to a comparative potency approach that relies at some point on at



least one human cancer unit risk estimate based on human data.



Compounds for which there are no quantitative human data could be used in the process



if they are known to have a well-characterized response in an animal model that is a known



reflection of human toxicity.  Cancer response data from animal testing of the mixture should be



evaluated following the Agency’s Guidelines for Cancer Risk Assessment (U.S. EPA, 1986) and



supplemented by the revised Proposed Guidelines for Cancer Risk Assessment (U.S. EPA,



1996a).  In using data from animals for comparative potency, care must be taken to utilize



reasonable, scientifically based dose extrapolation processes.  In particular, uncertainties
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introduced when extrapolating across exposure routes can be excessive and hence must be



articulated and quantified when possible.



3.  Form, source, and preparation of the environmental mixture sample.  Ideally the risk



assessor would use data on the form of the mixture and mode of exposure most like those



encountered by humans.  For combustion-related mixtures, for example, the risk assessor would



prefer data from inhalation assays of vapor phase plus particulate.  This type of assay is least



likely to be encountered in the literature, as its development is most resource intensive.  The use



of data from testing of the mixture in a form not presented to humans is also a source of



uncertainty.  For example, in the original demonstration of the comparative potency method,



POMs, organic extracts of combustion particulate, were tested in mouse skin initiation/promotion



studies and in vitro.  By contrast, humans would be most often exposed (at least through



inhalation) to a combustion mixture consisting of volatile materials and mixed sizes of particles



associated with organic and inorganic compounds.  The NRC (1988) gives useful guidance on



collecting representative samples and their preparation for bioassay.  In choosing to use data from



fractions (such as organic extractables from particulate matter) or more feasible modes of



administration (such as skin painting), the risk assessor introduces further areas of uncertainty



into the estimate of risk.  It is necessary to describe these uncertainties, limit and quantify them to



the extent possible, and provide justification for decisions made in data or assay choice.  Point of



sampling and preparation of sample must also be considered and the decisions explained.  An



example of a decision-making process and justification for decisions is found in Albert et al.



(1983).  Some considerations for data collection specific to short-term tests are found in Schoeny



and Margosches (1989) and Nesnow (1991).



3.3.3.3.  Potency Relationships



The next step is to estimate the degree of consistency in the assay ratios across the similar



mixtures and estimate values to support the constant relative potency relationship.  Having



selected appropriate data types, the risk assessor then evaluates the hypothesis of consistent



relative potency.  If relative potency ratios are consistent across similar mixtures for one type of



assay but not others, it indicates the limitations of application of comparative potency.  In other



words, if only assays relating to cancer as an endpoint are consistent, the comparative potency



estimation should be limited to cancer; if only receptor binding is consistent, the application



should be limited to health endpoints associated with receptor binding.  If there are data



applicable to only one health endpoint, the methodology should not be extended to other health



endpoints. In order to estimate a constant for the relative potency assay ratios for the similar



mixtures, it is recommended that a linear regression model without an intercept parameter be



used, as illustrated in Section 3.3.2.3.
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3.3.3.4.  Dose-Response Characterization



This final stage of the comparative potency approach is the most important for



communication and risk management decisions.  Where environmental issues are significant, the



risk assessment is incomplete without a characterization of the process used to determine the



dose-response value.  This stage includes the calculating of human potency estimates, with a full



description of the uncertainty and variability of the application.  The dose-response



characterization should include such information as the following:



• data quality and availability,
• criteria used to determine consistency of relative potency ratios and the parallel



relationship between types of assays,
• basis for the determination that the class of mixtures qualified as sufficiently



similar,
• description of any extrapolations that were made, such as route-to-route or animal



to human,
• full disclosure of statistical procedures that were used, any assumptions made, and 



significance levels used for any hypothesis testing (e.g., significant slope
parameter for the linear regression), and



• explanation of the level of confidence in the final human potency estimates and an
estimate of the variability inherent in these numbers.



3.4.  ENVIRONMENTAL TRANSFORMATIONS



3.4.1.  Using Environmental Process Information to Determine Mixture Similarity



Environmental processes can affect the exposure, and thus the toxicity, of a mixture in the



environment, so one approach to a whole-mixture assessment is to adjust the risk assessment



based on what is known about the mixture because of environmental transformations.  When a



mixture is altered in the environment, it is not practical to expect toxicity information to be



available for each specific environmental mixture to which humans are exposed.  It is more likely



that there will be toxicity information for only a few standard mixtures or mixture components. 



If information is available on some similar standard mixtures, then a feasible approach would be



to determine which standard mixtures best resemble the environmental mixture and use the



toxicity information from those standard mixtures as a surrogate for the environmental mixture's



toxicity.  In the case of information available on mixture components, then a component-based



approach may be feasible.



In either case, it is important to discuss how the mixture is altered in the environment,



and which source of toxicity information provides the best surrogate.  It is also important to



discuss what uncertainties remain even after the best surrogate information is used to estimate



risks from the environmental mixture, as mixtures encountered in the environment can be



markedly different from the mixtures originally released into the environment or the mixtures
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subjected to toxicity testing.  Partitioning and bioaccumulation, for example, can cause



substantial changes in an environmental mixture.  When partitioning is involved, different



exposure pathways can involve exposure to different mixture fractions; for example, the mixture



fraction adsorbed to soil can be different than the mixture fraction dissolved in drinking water. 



When bioaccumulation is involved, the mixture fraction to which humans are exposed can be



more persistent than the original mixture, as the bioaccumulated mixture can contain a higher



proportion of the mixture components that resist metabolism and elimination.  Note that this



approach makes a link between dose-response assessment and exposure assessment, as the



circumstances of exposure can alter the potency of a mixture in the environment.



3.4.2.  Procedures for Incorporating Environmental Process Information



Different procedures should be followed depending on the degree to which most of the



components in the mixture have toxicity data available for evaluation.  Guidance on approaches



for using environmental process information to determine mixture similarity, given certain data



scenarios, are given below:



Data scenario/approach:  Toxicity information is available on most mixture component
chemicals/use component-based approaches.



If all relevant component chemicals have toxicity information and have been measured at
the time and location where population exposure is expected, then estimate the mixture
toxicity by combining the component chemical toxicities.  One way is to develop a
Hazard Index for each toxic endpoint of interest (Section 4.2).  If the chemicals are
sufficiently similar to form a toxicologic class, then relative potency factors can be
estimated (Section 4.4).



Data scenario/approach:  Toxicity information is available on only a few mixture
components/use bounding estimates and similar mixture data.



(a) If too many chemicals lack specific exposure or toxicity information but some
sense of total exposure can be obtained, then a bounding approach can be used.
The mixture toxicity is estimated then as a range, from the worst case (assume all
components are as toxic as the most toxic component) to the least case (assume all
components are as toxic as the weakest component).  Consider the environmental
influences to determine how the components and mixture composition will
change over time and during transport to the receptor population.  Determine
which chemical components will be dominant in the population exposure, and
reflect that determination by a recommendation of how close to each extreme the
mixture toxicity is likely to be.
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(b) If the mixture can be characterized by its source, for example as a specific
commercial mixture, then the mixture exposure and toxicity might be estimated
by using data on an environmentally transformed similar mixture.  The use of
toxicity data on transformed whole mixtures is encouraged because it obviates the
need for full identification and measurement of the mixture components.  The
decision regarding similarity must consider information and uncertainties on
differences in total exposure level, in relative proportions of components, in
exposure levels of key components (high toxicity and/or exposure level), and in
the proportion of unknown chemical components.  These differences should be
judged for the transformed mixture to which the population is exposed, not for the
original mixture.



(c) If a high fraction (e.g., >30%) of chemicals in the environmental exposure cannot
be identified, the assessor must judge whether the source mixture could have been
altered by some components being transformed into chemicals not in the source
mixture.  In that case, the unidentified chemicals should be investigated further,
using test methods that artificially degrade the mixture or using extrapolation
methods such as QSAR on the source mixture components.  If such an
investigation is not feasible, then the unknown chemicals constitute a major
uncertainty in the mixture assessment, which must be clearly stated.



In addition to the uncertainties described in the procedural sections for the Hazard Index



(Section 4.2), relative potency factors (Section 4.4), and whole-mixture testing (Section 3.1.5),



the risk characterization must also discuss the extent of understanding of the transport and



transformation of the component chemicals from the source to the exposed population.  In



particular, the characterization must include the identification of the chemical components and



the assumptions and errors in determining concentrations at the point of population exposure.



3.4.3.  Geographic Site-Specific Modifications: An Example Using PCB Mixtures



EPA’s approach to assessing the cancer risk from environmental PCBs (U.S. EPA,



1996c; Cogliano, 1998) illustrates both the similar-standard-mixture approach and the relative



potency approach described above.  There have been no cancer bioassays for PCB mixtures as



encountered in the environment, but these environmental mixtures are being assessed using both



approaches.  The similar-standard-mixture approach relies on cancer bioassays for a few standard



PCB mixtures formerly used in commerce, whereas the relative potency approach is based on a



large body of experimental information that elucidates modes of action or mechanisms of toxicity



and quantifies their potency for a small number of PCB congeners that act like dioxin.
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3.4.3.1.  Composition of PCB Mixtures



PCBs are chemical mixtures of variable composition.  Mixture components are called



“congeners,” with 209 different congeners possible.  Although their chemical properties vary



widely, different mixtures can have many common components.  Table 3-2 shows the



overlapping composition of some commercial mixtures in terms of congeners with 1 to 10



chlorines.  PCB mixtures manufactured in the United States carried the trademark “Aroclor”



followed by a four-digit number; the first two digits were “12,” and the last two digits indicated



the percent chlorine by weight.  Aroclor 1016, with approximately 41% chlorine, is an exception



to this scheme.



3.4.3.2.  Hazard Assessment and Dose-Response Assessment for PCBs



Toxicity information is available for several Aroclors.  Among the many studies that



implicate PCBs as likely to cause cancer in humans, a recent study comparing four Aroclors



(Brunner et al., 1996; Mayes et al., 1998) provides the best information for distinguishing the



cancer potential of different mixtures.  Groups of 50 male or female Sprague-Dawley rats were



fed diets with different concentrations of Aroclor 1016, 1242, 1254, or 1260; there were 100



controls of each sex.  Exposure began when the rats were 6 to 9 weeks old, and the animals were



killed 104 weeks later.  Statistically significantly increased incidences of liver tumors were found



in female rats for all Aroclors and in male rats for Aroclor 1260 (Table 3-3).  In female rats,



Aroclor 1254 appeared most potent, followed by Aroclors 1260 and 1242, with Aroclor 1016



markedly less potent.  In male rats, only Aroclor 1260 caused liver tumors.



Because these Aroclors contain overlapping groups of congeners that together span the



range of congeners most often found in environmental mixtures, EPA concluded that all



environmental PCB mixtures pose a risk of cancer.  The dose-response assessment, however, was



able to make distinctions in the potencies of these mixtures.  Using the increased incidences of



liver tumors in female Sprague-Dawley rats, central-estimate and upper-bound slope factors were



calculated for each of the four tested Aroclors (Table 3-4).



3.4.3.3.  Exposure Assessment and Risk Characterization for PCBs



In the environment, PCBs occur as mixtures whose compositions differ from the



Aroclors.  This is because after release into the environment, mixture composition changes over



time, through partitioning, chemical transformation, and preferential bioaccumulation. 



Partitioning refers to processes by which different fractions of a mixture separate into air, water,



sediment, and soil.  Chemical transformation can occur through biodegradation of PCB mixtures



in the environment.  Preferential bioaccumulation occurs in living organisms, which tend to 
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Table 3-2.  Typical composition of some commercial PCB mixtures



Aroclor 1016 1242 1248 1254 1260



Mono-CBs (% wt)   2   1 - - -



Di-CBs 19 13   1 - -



Tri-CBs 57 45 21   1 -



Tetra-CBs 22 31 49 15 -



Penta-CBs - 10 27 53 12



Hexa-CBs - -   2 26 42



Hepta-CBs - - -   4 38



Octa-CBs - - - -   7



Nona-CBs - - - -   1



Deca-CBs - - - - -



PCDFs (ppm) ND 0.15-4.5 NR 0.8-5.6 0.8-5.6



Chlorine content (%) 41 42 48 54 60



Production, 1957-1977 (%) 13 52   7 16 11
- = less than 1%.
ND = not detected.
NR = not reported.



Sources:  Compiled by U.S. EPA (1996c) from other sources.



concentrate congeners of higher chlorine content, producing residues that are considerably



different from the original Aroclors.  Thus, an Aroclor tested in the laboratory is not necessarily



the best surrogate for assessing that Aroclor as altered in the environment.



EPA encourages risk assessors to consider how environmental processes alter PCB



mixture composition and toxicity.  Through partitioning, different portions of a PCB mixture are



encountered through each exposure pathway.  The mixture fraction that adsorbs to sediment or



soil tends to be higher in chlorine content and persistence than the original mixture; it tends also



to be less inclined to metabolism and elimination, and thus higher in persistence and toxicity. 



Consequently, ingesting contaminated sediment or soil or inhaling contaminated dust can pose



relatively high risks.  On the other hand, the mixture fraction that dissolves in water or



evaporates into air tends to be lower in chlorine content and persistence, so risks from ingesting



water-soluble congeners or inhaling evaporated congeners would tend to be lower, in the absence 
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Table 3-3.  Liver tumora incidences for Aroclor mixtures



Mixture Dose Females Males



Aroclor 1260 Controlb



25 ppm
50 ppm
100 ppm



1/85 (1%)c



10/49 (20%)
11/45 (24%)
24/50 (48%)



7/98 (7%)c



3/50 (6%)
6/49 (12%)
10/49 (20%)



Aroclor 1254 Controlb



25 ppm
50 ppm
100 ppm



1/85 (1%)c



19/45 (42%)
28/49 (57%)
28/49 (57%)



7/98 (7%)
4/48 (8%)
4/49 (8%)
6/47 (13%)



Aroclor 1242 Controlb



50 ppm
100 ppm



1/85 (1%)c



11/49 (24%)
15/45 (33%)



7/98 (7%)
1/50 (2%)
4/46 (9%)



Aroclor 1016 Controlb



50 ppm
100 ppm
200 ppm



1/85 (1%)c



1/48 (2%)
6/45 (13%)
5/50 (10%)



7/98 (7%)
2/48 (4%)
2/50 (4%)
4/49 (8%)



a Hepatocellular adenomas, carcinomas, cholangiomas, or cholangiocarcinomas in rats alive
  when the first tumor was observed.
b One control group supported all experiments.
c Statistically significant (p<0.05) by Cochran-Armitage trend test.



Source: Brunner et al., 1996, reported by U.S. EPA, 1996c.



Table 3-4.  Human slope estimates (per mg/kg-day) for Aroclor mixtures



Mixture study Central slope Upper-bound slope



1016, Brunner et al., 1996 0.04 0.07



1242, Brunner et al., 1996 0.3 0.4



1254, Brunner et al., 1996 1.2 1.5



1260, Brunner et al., 1996 0.4 0.5



1260, Norback, 1985 1.6 2.2



Source: U.S. EPA, 1996c.
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of contaminated sediment or dust.  Preferential bioaccumulation can have even more pronounced



effects, as each species in the food chain retains persistent congeners that prove resistant to



metabolism and elimination.  Bioaccumulated PCBs appear to be more toxic than Aroclors and



more persistent in the body.  The Aroclors tested in laboratory animals were not subject to prior



selective retention of persistent congeners through the food chain.  For exposure through the food



chain, therefore, risks can be higher than those estimated in an assessment.  (This last statement



is an example of characterizing uncertainties that remain even after the best surrogate



information is used to estimate risks from an environmental mixture.)



To reflect these environmental processes, EPA developed a tiered approach that considers



how partitioning and bioaccumulation affect each exposure pathway or situation.  Three tiers are



provided:



High risk and persistence (upper-bound slope, 2 per mg/kg-d; central-estimate slope, 1
per mg/kg-d).  The highest slope from Table 3-4 is used for pathways where
environmental processes tend to increase risk:  food chain exposure, sediment or soil
ingestion, dust or aerosol inhalation, exposure to dioxin-like, tumor-promoting, or
persistent congeners, and early-life exposure (all pathways and mixtures).



Low risk and persistence (upper-bound slope, 0.4 per mg/kg-d; central-estimate slope,
0.3 per mg/kg-d).  A lower slope is appropriate for pathways where environmental
processes tend to decrease risk:  ingestion of water-soluble congeners and inhalation of
evaporated congeners.  Dermal exposure is also included, because PCBs are incompletely
absorbed through the skin; however, if an internal dose has been calculated by applying
an absorption factor to reduce the external dose, then the highest slope would be used
with the internal dose estimate.



Lowest risk and persistence (upper-bound slope, 0.07 per mg/kg-d; central-estimate
slope, 0.04 per mg/kg-d).  The lowest slope from Table 3-4 is used when congener or
homologue analyses verify that congeners with more than four chlorines comprise less
than one-half percent of total PCBs.  Such a mixture composition is used to established
sufficient similarity to the tested mixture Aroclor 1016.



3.4.3.4.  Relative Potency Approach for PCBs



The World Health Organization has developed toxic equivalency factors for 13 dioxin-



like PCB congeners.  When dioxin-like congener concentrations are reported for an



environmental sample, the mixture-based approach can be supplemented by an analysis of the



dioxin toxic equivalents contributed by the dioxin-like PCB congeners.  Such an analysis is



particularly important when environmental processes have increased the concentrations of



dioxin-like congeners as a fraction of the total PCB mixture.
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Because PCBs can cause cancer through both dioxin-like and non-dioxin-like modes of



action, it is important to consider the contribution from both dioxin-like and non-dioxin-like



modes of action to the total risk.  Risks for the dioxin-like and non-dioxin-like portions of the



mixture are calculated separately.  For the dioxin-like portion, a relative potency approach is



used.  The dose of each dioxin-like congener is multiplied by its toxic equivalency factor, then



these products are summed to obtain the total dioxin toxic equivalents present in the PCB



mixture.  This, in turn, is multiplied by the dioxin slope factor to estimate the risk from dioxin-



like modes of action.  For the non-dioxin-like portion, a similar-standard-mixture approach is



used.  The total dose of PCBs, less the dose comprising the 13 dioxin-like congeners already



considered, is multiplied by the appropriate PCB slope factor as determined in the previous



section.  U.S. EPA (1996c) provides a detailed example of these calculations.



3.4.3.5.  On Estimating a Mixture's Persistence



The persistence of PCB mixtures is sometimes characterized by a measure of half-life. 



EPA's assessment cautions that ascribing a half-life to a mixture is problematic if the half-lives of



its components differ widely.  More specifically, half-life estimates for a mixture will



underestimate its long-term persistence.  To illustrate, consider a mixture of two components in



equal parts: one component has a half-life of 1 year; the other, 100 years.  If the mixture



concentration is sampled after 10 years, the half-life of the total mixture will appear to be



approximately 10 years:  virtually all the first component will be gone, and virtually none of the



second, so about half the original mixture will remain.  This half-life, however, overestimates the



slow rate of decrease in the more persistent mixture fraction that remains.
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4.  METHODS FOR COMPONENT DATA



4.1.  INTRODUCTION



If data are not available on an identical or reasonably similar mixture, the risk assessment



may be based on the toxic or carcinogenic properties of the components in the mixture.  When



quantitative information on toxicologic interaction exists, even if only on chemical pairs, it



should be incorporated into the component-based approach.  When there is no adequate



interactions information, dose- or response-additive models are recommended.  Several studies



have demonstrated that dose (or concentration) addition often predicts reasonably well the



toxicities of mixtures composed of a substantial variety of both similar and dissimilar compounds



(Pozzani et al., 1959; Smyth et al., 1969, 1970; Murphy, 1980; Ikeda, 1988; Feron et al., 1995),



although exceptions have been noted.  For example, Feron et al. (1995) discuss studies where



even at the same target organ (the nose), differences in mode of action led to other than dose-



additive response.  Dose-additive models may be an adequate default procedure for chemicals



affecting the same target organ, but may not be the most biologically plausible approach if the



compounds do not have the same mode of toxicologic action.  Consequently, depending on the



nature of the risk assessment and the available information on modes of action and patterns of



joint action, the most reasonable dose-response model should be used.



The mixtures methods in this chapter rely heavily on existing EPA risk assessment



information on single chemical toxicity, such as that in the EPA IRIS files.  Levels of exposure



for the mixture component chemicals are assumed to be estimates obtained following the



appropriate Agency exposure assessment guidance (e.g., U.S. EPA, 1992).  The procedures and



terminology associated with dose response and risk characterization for single chemicals, such as



the RfD, RfC, and cancer potency values, have the same interpretation in the mixture procedures



in this chapter. The following descriptions of component-based mixture methods include



references, but assume the reader is familiar with these single-chemical risk assessment concepts



and practices.



4.1.1.  Criteria for Dose Addition vs. Response Addition



Toxicologic interactions are defined in this guidance document (Appendix B) to facilitate



the selection and application of specific risk assessment methods.  When adequate evidence for



toxicologic interactions is not available, the most appropriate no-interaction approach (dose



addition or response addition, as detailed below) will be employed.  Toxicologic “interactions”



are then operationally defined by mixture data showing statistically or toxicologically significant



deviations from the “no-interaction” prediction for the mixture.
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Several differing definitions of “no interaction” are discussed in the scientific literature. 



Plaa and Vénzina (1990) provide a nice historical overview of the differences in definitions, and



Kodell and Pounds (1991) discuss some of the implications of these differences.  Muska and



Weber (1977) introduced the terms “concentration addition” and “response addition.”  Their



definitions are based on ideas related to general toxicologic modes of action; i.e., concentration



addition (also termed dose addition) applies when the components act on similar biological



systems and elicit a common response, whereas response addition applies when components act



on different systems or produce effects that do not influence each other.



In this guidance, “no interaction” is defined using the two common concepts of Muska



and Weber (1977): dose addition and response addition.  These definitions have been selected



because the underlying concepts are straightforward and in common use, and because hypothesis



tests exist to determine whether data are consistent with each of these concepts (see Gennings,



1995; Gennings and Carter, 1995).  These definitions do not indicate specific toxicologic modes



of action, although they should be consistent with the major examples and concepts of



toxicologic interaction.  Dose addition and response addition then represent default approaches



for toxicologically similar and toxicologically independent chemicals, respectively.  The risk



assessment using component data should then begin by selecting the most appropriate concept



for the chemicals in the mixture.  There will be many cases where the information does not



support either dose or response addition.  In those cases, the mixture should be further



investigated, and consideration should be given to using methods that incorporate combinations



of dose and response addition as well as toxicologic interactions.  Information on interactions can



be included as modifications of the “no-interaction” approach that was selected (see Sections 4.3



and 4.5.4).



The primary criterion for choosing from dose or response addition as the no-interaction



approach is the similarity or independence among the chemicals in the mixture.  This judgmental



decision, detailed further in Sections 4.1.1.1 and 4.1.1.2, should be based on information about



the toxicologic and physiological processes involved, the single-chemical dose-response



relationships, and the type of response data available.  If tissue levels can be estimated, then the



judgment of similarity or independence can focus on the toxicologic mode of action.  If external



exposure levels are used instead of tissue doses, then the judgment of toxicologic similarity or



independence must consider all the processes from contact with the environmental media to the



toxicity itself (i.e., uptake, metabolism, distribution, elimination, and toxicologic mode of



action).  To facilitate understanding, the discussions that follow will initially consider only two-



chemical mixtures.  For additional explanation of these concepts, see Svendsgaard and Hertzberg



(1994).
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p =  f(d ) ,
p  = g (d )  =  f( t * d )



1  1



2 2 2



p  =  f(d  +  t * d )M IX 1 2



4.1.1.1.  Dose Addition



In the simplest terms, two chemicals are dose additive if chemical B is functionally a



clone of chemical A.  In this ideal case, the chemicals are assumed to behave similarly in terms



of the primary physiologic processes (uptake, metabolism, distribution, elimination) as well as



the toxicologic processes.  The mathematical characterization of dose addition requires a



constant proportionality between the effective doses of the two chemicals.  This means that, for



equal effects, the dose of chemical B is a constant multiple of the dose of chemical A.  The dose-



response functions are then congruent in shape.  Let t be the proportionality constant that denotes



the relative effectiveness of chemical B to chemical A as estimated by the ratio of their iso-



effective doses, e.g., their ED10s.  Let p1 and p2 be response measures and f(d) and g(d) be the



dose-response functions for chemicals A and B, respectively. Then for doses d1 and d2 of



chemicals A and B, respectively, we have:



(4-1)



(4-2)



The last equation (4-2) illustrates dose addition by converting dose d2 into an equivalent dose of



chemical A and then using the dose-response function f of chemical A to predict the response. 



For a mixture of the two chemicals, the mixture response pMIX is then given in terms of the



equivalent dose and dose-response function for chemical A:



(4-3)



Among the many ways to decide dose-addition, the isobole is one of the more common



graphical methods (see Figure 4-1).  The isobole for a two-chemical mixture is the graph of the



various combinations of doses (d1, d2) at which a fixed response is observed (Gessner, 1995).  In



other words, the x-coordinate is the dose of chemical A and the y-coordinate is the dose of



chemical B such that the joint exposure (d1, d2) produces the fixed response.  This means that for



all points plotted on the isobole,  the same response occurs.  For example, in Figure 4-1, the



straight-line isobole represents the mixture doses in mg/kg that elicit a 10% response in the test



animals.  If a point, say (2000,50), is on the isobole, then the dose combination of 2000 mg/kg of



chemical A and 50 mg/kg of chemical B will yield a 10% response in the test animals.  Note that



this decision tool can be applied to any fixed response measure, whether percent responding in a
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group, deficit of functionality, severity of a lesion, or any measure of toxicity that is constant



along the isobole.



When the set of equal-response points is a straight line, the two chemicals are said to be



dose-additive.  Although in Figure 4-1 the other two isoboles show clear curvature, in many plots



the nonlinearity is less obvious.  Statistical methods exist that help in deciding whether the points



indicate a departure from dose additivity (Gennings, 1995), and their use is strongly



recommended.  Note that in the simple “clone” definition of dose addition, all isoboles for



different response rates will be parallel.  Other more general definitions of dose addition have



also been proposed (Svendsgaard and Greco, 1995), including where the lines for different



response rates are linear, but not parallel (Svendsgaard and Hertzberg, 1994).  When reviewing



the literature for evidence supporting dose addition, the assessor should ensure that the



definitions and assumptions are consistent with those used in this document.  Foremost is that the



isoboles should be linear.  Second, unless the isoboles for a wide range of response levels are all



parallel, the reported dose combinations used in generating the isobole should be comparable to



the environmental doses being assessed.  If the published isoboles only reflect doses associated



with unacceptable toxicity (e.g., LD10s) or exposure levels much higher than the environmental
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levels of concern, then justification must be given for extrapolating the dose-addition property to



the lower environmental levels.



Recent work has demonstrated the issues that must be considered when assuming dose



addition (Feron et al., 1995).  Feron and colleagues tested various simple mixtures (n=4 or 9



components) at levels near the no-observed-adverse-effect levels (NOAELs).  Studies in their



laboratory on mixtures of chemicals with different target organs, or same target organ but



different toxicity modes of action, showed interactions when chemicals were at their minimum-



observed-adverse-effect levels (MOAELs), and no effects when component chemicals were at



1/10 or 1/3 their respective NOAELs.  Mixtures of chemicals with the same target organ (kidney)



and similar toxic modes of action showed consistency with dose addition when each chemical



was at or slightly below its NOAEL.  Similarity of toxic modes of action is then stronger support



for dose addition than is similarity of target organs.  When exposures are near the NOAELs of



the components, target organ similarity seems to be sufficient justification for dose addition.



Three component methods are discussed in this document that are based on dose addition:



the RPF method, the TEF method, which is a special case of the RPF method, and the HI



method.  They differ in the required knowledge about toxicologic processes and in the extent



over which toxicologic similarity is assumed.  In each method, the exposure levels are added



after being multiplied by a scaling factor that accounts for differences in toxicologic potency



(also called toxic strength or activity). 



The RPF method uses empirically derived scaling factors that are based on toxicity



studies of the effect and exposure conditions of interest in the assessment.  When extensive



mechanistic information shows that all the toxic effects of concern share a common mode of



action, then one scaling factor is derived for each chemical that represents all toxic effects and all



exposure conditions.  This special case is the TEF method, where actual toxicologic equivalence



between the component chemicals is assumed once the scaling factor is applied.  When data are



conflicting or missing, or indicate that different modes of action may apply to different effects or



exposure conditions, separate factors may be derived for each effect or exposure condition,



which are distinguished from the special TEFs by being called RPFs.  In the general RPF and



specific TEF methods, the scaling factor represents the toxicity relative to the toxicity of one of



the chemical components, called the index chemical, which is usually the best-studied chemical. 



The mixture exposure, given by the sum of the scaled exposure levels, is then the equivalent



exposure in terms of the index chemical.  This equivalent exposure is the exposure level of the



index chemical that elicits the same response as the mixture exposure.  The risk assessment then



evaluates the equivalent index chemical exposure on that chemical’s dose-response curve in



order to predict the mixture response.
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p  =  1  -  (1  -  p )* (1  -  p )M IX 1 2



   p  =  p  +  p  -  p * pM IX 1 2 1 2



The Hazard Index method has weaker assumptions and data requirements, is more



generally applicable, and has more uncertainty in the resulting assessment.  Instead of requiring



knowledge of similar mode of action, the Hazard Index method requires only similarity in target



organ.  As with the general RPF method, a separate Hazard Index is determined for each target



organ of concern. Instead of converting the component exposure levels into an equivalent index



chemical exposure, the scaling factors are standardized so that the resulting sum is



dimensionless, and the Hazard Index is interpreted by whether or not it is greater than 1.  The



scaling factors for the Hazard Index are based only on each component’s toxicity, preferably



related to the target organ being assessed so that the interpretation of the Hazard Index value can



be tied to the target organ risk.  For example, if the ED10 for liver effects is used (so that 1/ED10 is



used as the toxicity scaling factor), then when HI=1, the mixture is at its ED10 for liver toxicity. 



Similarly, if some estimate of a practical threshold exists for each component, then HI=1



indicates that the mixture is at its practical threshold.  The scaling factors for the Hazard Index



method should then be defined so that the resulting interpretation of HI=1 allows a clear risk



assessment interpretation for the mixture.  In previous EPA applications of the Hazard Index



method, the Hazard Index has served only as a decision index, where HI>1 leads to more



investigation or to remedial action.  If enough information becomes available on the components



to assume a similar toxic mode of action, then RPFs could be developed instead.



4.1.1.2.  Response Addition



Under response addition, the chemicals are assumed to behave independently of one



another, so that the body’s response to the first chemical is the same whether or not the second



chemical is present.  In simplest terms, classical response addition is described by the statistical



law of independent events, with “response” measured by the percentage of exposed animals that



show toxicity.  Using the same notation defined above for Equations 4-1 through 4-3, the



statistical law of independence is, for two chemicals:



(4-4)



In terms of mixture response, this equation says that the response to either chemical A or B is 1



minus the probability of not responding to either chemical.  Expanding the right-hand-side, one



obtains:



(4-5)



which, for small single-chemical responses and only two chemicals in the mixture, is well



approximated by the simple summation:
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(4-6)



The generalization of Equation 4-4 to an arbitrary number (n) of chemicals is:



(4-7)



Unless the number of mixture components is small and the individual risks are very small,



Equation 4-7 should be used for the response addition mixture estimate.



Response addition has also been reported where “response” is a measured effect (Ikeda,



1988), but no publications have been located that explain this approach in any detail.  The



component effects are numerically added to give an estimated measured effect for the mixture.



For example, if 20 mg/kg of chemical A causes a 5% increase in liver weight and 30 mg/kg of



chemical B causes a 3% increase, then the prediction for a mixture of 20 mg/kg of A and



30 mg/kg of B is a liver weight increase of 8%.  The simple summation implies that each



component effect is small so that the effects caused by different components are not influenced



by each other.  Because this “effect addition” is not well characterized or investigated, this



approach is not recommended for general use at this time.  Any risk assessment based on effect



addition should be restricted to the specific effects and dose ranges given in the supporting



studies. 



Several variations of response addition have been developed (see U.S. EPA, 1986,



Appendix B).  Some of these variations require additional information and assumptions.  When



reviewing the literature for evidence supporting response addition, the assessor should ensure



that the definitions and assumptions are the same as those used in this document, or at least that



the interpretations are consistent with the procedures in this guidance document.



4.1.1.3.  Low-Dose and Low-Response Risk Assessments



One of the important differences between risk assessment for individual chemicals vs. a



mixture assessment occurs when exposure levels are below the risk criteria values for the



individual components of the mixture.  The individual chemical assessments, performed



separately, would conclude that none of the chemicals poses a significant risk.  If the mixture



contains several toxicologically similar chemicals with no evidence of interaction, then dose



addition would be applied and the higher combined mixture dose could lead to an assessment of



significant risk of toxic effects. 



If the mixture contains only toxicologically dissimilar chemicals, then response addition



would usually be applied because of the assumption of independent action.  For example,



consider the case where decreasing the exposure reduces the probability of an effect, but not its
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severity (as EPA traditionally assumed for carcinogens).  Simultaneous exposure to several of



these chemicals could then accumulate many small risks and be unacceptable in combination



even though the individual risks were acceptably small. 



In contrast, consider the case where decreasing exposure results in a decrease in toxic



severity so that there is a practical threshold below which the effects are considered nonadverse. 



If these chemicals are toxicologically independent and at individual exposure levels below their



respective practical thresholds, then an assessment of simultaneous exposure to several of these



chemicals may conclude there is no significant risk.  This conclusion is plausible not only



because of the very low percent response for each chemical, but also because the intensity of the



effect decreases with dose.



In some cases, the sensitivity or resolution of the toxicity test may be worse as exposure



level decreases.  In such cases, the exposure level labeled as an apparent toxicity threshold may



only reflect the reduced ability to discern that dose-related toxicity has occurred.  Any risk



assessment based on evaluations near these practical thresholds should reflect the uncertainty



caused by the reduced sensitivity or resolution of the underlying toxicity tests.  When



quantitative corrections are not possible, the risk characterization must include these study



weaknesses in the discussion of uncertainties.



4.1.1.4.  Evidence for Dose or Response Additivity



Several studies have been published that suggest that dose or response additivity



adequately characterizes mixture risk.  The large variety of possible mixtures, however, precludes



any strong characterizations of the accuracy of additivity methods.  Some sense of the opinion of



toxicologists, however, can be gained from some key publications, in which dose or response



addition is recommended as a plausible default procedure.  Ikeda (1998) surveyed the literature



and found few cases, by his judgment, that showed “clear-cut cases of potentiation” and he



concluded (p. 418): “Thus, the most practical approach in evaluating the combined effect of



chemicals seems to be the assumption of additive effects.”  He also noted that assuming



additivity of effects for chemicals with dissimilar modes of action is more protective than



independence.  Furthermore, except for their initial overview, Plaa and Vénzina (1990) focus on



concentration (i.e., dose) addition.  The NAS book (NRC, 1988, p. 100) on complex mixtures is



less precise.  NAS notes that “no-interaction” in its Chapter 1 is dose addition, while in its



discussion of ordinary linear statistical models, no-interaction refers to response addition.  The



original U.S. EPA guidelines for mixture risk assessment (U.S. EPA, 1986) (Appendix A)



recommend default no-interaction approaches of dose addition for nongenotoxic toxicants acting



by similar modes of action or affecting common organs, and response addition for carcinogenic



risk.
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Reviews of toxicologic interaction studies do not often evaluate additivity, or are not able



to develop general conclusions.  In too many cases, a study was not designed properly for



detecting departures from additivity.  For example, in a review of statistical methods in 462



interaction studies (U.S. EPA, 1990), roughly one-third of the reported results indicated no



interaction or some kind of additivity, but nearly half of the studies used no statistical analysis or



did not report what procedures were used in determining statistical significance.  As a result, it is



presently difficult to guess how common some kind of additivity might be for pairwise



interactions.



The decision to use dose addition and response addition as default “no-interaction”



definitions is primarily based on scientific plausibility when their assumptions are met (i.e., toxic



similarity for dose addition, independence for response addition).  In addition, these default



approaches have clarity, simplicity, and ease of implementation.  The evidence for either dose



addition or response addition as a good approximation for a mixture risk assessment is not



strong, and clearly is not comprehensive in representing the varying types of chemicals



considered in environmental risk assessment.  Whenever evidence exists that clearly disagrees



with both dose and response addition, then alternative approaches should be considered, such as



those presented later that incorporate data on pairwise interactions.



4.1.2.  Toxicologic Interactions



Regulatory decisions usually involve the assessment of chemical mixtures, though often



on a chemical-by-chemical basis.  Typical exposures, in contrast, are composed of a combination



of biological, chemical, and physical agents that may influence each other’s adverse effects. 



Several quantitative descriptions of interaction have been proposed during the past 50 years. 



Plaa and Vénzina (1990) provide a historical overview of the differences in definitions, and



Kodell and Pounds (1991) discuss some of the implications of these differences.  One of the



earliest quantitative characterizations of interactions was by Bliss (1939): similar joint action,



independent joint action, and synergistic or antagonistic joint action.  Plaa and Vénzina (1990)



propose the terms additive (sum of individual effects, an admittedly vague definition), infra-



additive, and supra-additive as having the advantage of not requiring consideration of



mechanisms.  Table B-2 (Appendix B) recommends a set of definitions for use in chemical



mixture risk assessment.  It clarifies the terminology related to additivity and interaction effects



for both cancer and noncancer endpoints.



Types of interactions among mixture components that can affect toxicologic response to



the whole mixture include chemical-to-chemical, toxicokinetic, and toxicodynamic interactions



(see Appendix C).  The impact of the joint exposure on toxicologic response can be additive



(e.g., dose-additive, where chemicals act as dilutions of each other and cause toxicity by the same
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mode of action), less-than-additive (e.g., dietary zinc that inhibits cadmium toxicity through



toxicokinetic interactions that reduce the amount of dietary cadmium absorbed), or greater-than-



additive (e.g., enhanced carcinogenicity for asbestos and tobacco smoke). It must be emphasized



that antagonism is not the same as inhibition. Antagonism only implies a lesser joint response



than predicted from dose addition. Presence of antagonism does not justify lowering of risk



estimates of an affected chemical, say by increasing its Reference Dose. An antagonistic



chemical is also toxic. In contrast, the inhibitor chemical is not toxic by itself, but does reduce



the toxicity of the second chemical.  Only for inhibition could risk levels for the second chemical



be adjusted because of reduced toxicity. Additional information and examples of data on



interactions can be found in Appendix C.



Interaction effects may result from events taking place at many possible loci in the body,



including the site of toxic action or during the processes of absorption, tissue distribution,



metabolism, excretion, or repair.  Any or all of these can vary with route of administration, age,



sex, health, nutritional status, etc.  With the almost infinitely large number of chemical mixtures



in the environment, systematic studies relevant to the toxicology of these chemical mixtures



using conventional methodologies and approaches are impossible; the development of predictive



and alternative toxicology methods is imperative.  An evolving approach is the utilization of



physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) modeling, coupled with



model-oriented toxicology experiments (Tardif et al., 1997).  Tissue dosimetry at the PK and PD



levels is achievable with simple and complex, but chemically defined mixtures.  Further



discussions pertinent to the available PBPK/PD modeling and the metabolic processes have been



presented in Appendix C.



Evidence of toxicologic interaction should be reflected in the mixture risk assessment



(U.S. EPA, 1986).  Previous risk assessments of multichemical exposures by EPA have



considered the information on interactions only in a qualitative sense.  For example, a Superfund



site may receive more scrutiny or its remediation may proceed faster if there were several



indications of potential synergism among the detected chemicals.  The cleanup goals and the



estimated risk, however, would not change.  Consequently, most mixture risk assessments do not



include interactions information.  No standard methods are yet in place in regulatory agencies to



incorporate interactions and no biologically motivated mathematical models have been



developed that could serve as a default method.  The method described in this chapter is new.  Its



use is encouraged so that EPA can gain experience regarding the difficulties and advantages of



an interaction-based approach and then identify ways to improve the approach.



In developing an interaction-based risk assessment method, the following constraints



were established:
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• the method should use readily available data, or at least information that can be
feasibly obtained.



• the method should include several steps, each of which could be modified or
replaced when more data or biological models became available.



• the method should be plausible, either supported by some empirical cases or
supported by consensus among practicing mixtures toxicologists and risk
assessors.



4.1.3.  Risk Assessment Strategy



Approaches based on the mixture’s chemical components are recommended for relatively



simple, identified mixtures with approximately a dozen or fewer chemical constituents.  For



exposures at low doses with low component risks, the likelihood of significant interaction is



usually considered to be low.  Interaction arguments based on saturation of metabolic pathways



or competition for cellular sites usually imply an increasing interaction effect with dose, so that



the importance at low doses is probably small.  The default component procedure at low



exposure levels is then to assume response addition when the component toxicological processes



are assumed to act independently, and dose (or concentration) addition when the component



toxicological processes are similar.  For dose (concentration) addition, a specific Hazard Index



procedure is recommended.  For higher exposure levels, or when adequate data on interactions



suggest other than dose or response additivity at low doses, such information must be



incorporated into the assessment.  Specific procedures are recommended for interactions based



on the available data (Sections 4.4 and 4.5).



4.1.4.  Cautions and Uncertainties With Component-Based Assessments



The component-based procedures discussed earlier for dose-response assessment and risk



characterization are intended only for simple mixtures of a dozen or so chemicals.  The



uncertainties and biases for even a small number of chemical components can be substantial. 



Component-based methods are particularly susceptible to misinterpretation because the listing of



chemical components in a mixture is often misconstrued as implying a detailed understanding of



the mixture toxicity and, by inference, the estimated mixture risk.  The risk characterization must



include a discussion of what is known as well as what is missing or poorly understood in order to



convey a clear sense of quality and confidence in the risk assessment.



4.1.4.1.  Exposure Uncertainties



The general uncertainties in estimating mixture exposure are addressed in the Agency's



guidelines related to exposure assessment (U.S. EPA, 1992).  The risk assessor should discuss



these exposure uncertainties in terms of the strength of the evidence used to quantify the
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exposure.  When appropriate, the assessor should also compare monitoring and modeling data



and discuss any inconsistencies as a source of uncertainty.  For mixtures, these uncertainties may



be increased as the number of compounds of concern increases.



If levels of exposure to certain compounds known to be in the mixture are not available,



but information on health effects and environmental persistence and transport suggests that these



compounds are not likely to be significant in affecting the toxicity of the mixture, then a risk



assessment can be conducted based on the remaining compounds in the mixture, with appropriate



caveats.  If such an argument cannot be supported, no final risk assessment can be performed



with high confidence until adequate monitoring data are available.  As an interim procedure, a



risk assessment may be conducted for those components in the mixture for which adequate



exposure and health effects data are available.  If the interim risk assessment does not suggest a



hazard, there is still concern about the risk from such a mixture because not all components in the



mixture have been considered.



In perhaps a worst-case scenario, information may be lacking not only on health effects



and levels of exposure, but also on the identity of some components of the mixture.  Analogous



to the procedure described in the previous paragraph, an interim risk assessment can be



conducted on those components of the mixture for which adequate health effects and exposure



information are available.  If the risk is considered unacceptable, a conservative approach is to



present the quantitative estimates of risk, along with appropriate qualifications regarding the



incompleteness of the data.  If no hazard is indicated by this partial assessment, those partial



results should be conveyed to the risk manager, but the risk assessment should not be quantified



until better health effects and monitoring data are available to adequately characterize the



mixture exposure and potential hazards.



4.1.4.2.  Dose-Response Uncertainties



For many simple mixtures for which a component-based approach might be applied,



studies on interactions, even pairwise interactions, will be missing.  Use of a dose- or response-



additive model is easily implemented, but justification for such approaches is largely based on



conceptual arguments, not empirical studies.  In the review cited previously on available



interaction studies (U.S. EPA, 1990), statistical tests were used to decide the presence of



toxicologic interaction, but dose-response models for interactions were extremely rare.  For



example, of the 462 studies reviewed, only four gave a prediction under no interaction (using



response addition as the default).  As indicated previously, recent studies by Feron et al. (1995)



show that there are exceptions to most rules regarding interactions, even the common assumption



that additivity is acceptable if chemicals target the same organ.  Recent studies on dose additivity



have focused on very simple mixtures of chemically and metabolically similar chemicals
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(Gennings et al., 1997; Simmons et al., 1995).  Improvements in experimental design and



statistical hypothesis testing for dose additivity, along with better understanding of the chemical



characteristics that accompany observed dose additivity, should lead to improved predictive



ability and justification for dose addition as a default approach.



Conclusions regarding toxicologic interaction are also only weakly supported by



empirical studies.  Based on a review of EPA’s Mixtox database (U.S. EPA, 1990), reflecting



437 articles on interactions between pairs of environmental chemicals, many studies failed to



identify what the “no-interaction” hypothesis was, so that any conclusions regarding nonadditive



interaction were difficult to interpret.  Other studies identified the no-interaction hypothesis, but



employed incorrect experimental designs, so that the conclusions were questionable.  Perhaps the



most substantial weakness in the understanding of toxicologic interactions is the lack of studies,



models, and concepts for interactions involving more than two chemicals.  The key assumption



in both of the interaction methods described in Section 4.3 (Mumtaz and Durkin, 1992;



Hertzberg, 1996) is that, at least for low doses, the resulting influence of all toxicologic



interactions in a mixture is well approximated by the pairwise interactions.  No studies have been



located to date that investigate that assumption, although two studies are in progress at EPA and



ATSDR.



Toxicologic understanding of interaction is also limited.  Although interaction modes of



action are commonly assumed to involve either pharmacokinetics and metabolism or toxicologic



receptors, nearly all studies on mechanisms and modes of interaction focus on pharmacokinetics



(El-Masri et al., 1995).  Current pharmacokinetic models for interactions usually address two- or



three-chemical mixtures.  Clearly, more research on complex interactions is necessary to improve



risk assessment interactions information.



4.1.4.3.  Presenting Component-Based Risk Characterization



The consequence of this early stage of mixture risk research is that the risk assessor must



use considerable judgment along with plausible approaches.  The results, however, must be



presented transparently.  Although the procedures described in this chapter are developed from



available concepts and data on simple mixtures, all component-based quantitative mixture risk



assessments should be limited to one significant digit for the risk value, unless substantial



justification is given for higher precision.



Mixtures composed of chemicals with RfDs or RfCs must be assessed and presented



carefully.  A common interpretation is that mixtures with few components, each less than its RfD



or RfC, pose no significant risk.  As discussed above, for toxicologically similar chemicals this



conclusion can be in error because the joint exposures contribute to the same potential toxicity



and effectively represent a cumulative dose; thus a dose-additive assessment should be
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performed.  For a mixture of a few dissimilar chemicals, where an assessment is based on



response addition, the mixture risk would likely be judged negligible, particularly if the effects



supporting the RfDs and RfCs are minor.  When the toxic effects are of major concern, such as



cancer or developmental toxicity, the estimated mixture risk should be judged in the context of



the effects, the shapes of the dose-response curves, and the characteristics of the exposed



population.



Whenever an assessment is based on component toxicity values, the risk characterization



must discuss the quality of the individual chemical estimates that are used.  For example, RfDs



and RfCs differ in quality, as reflected by the variation in their uncertainty factors and the



confidence statements listed in the IRIS files.  The cancer potency values also have uncertainty,



as reflected as subjective choices in modeling (e.g., significance levels for inclusion of model



terms, confidence levels for creating interval estimates, levels for deciding adequate goodness-of-



fit), as well as by qualitative descriptors of the weight of evidence that the chemical is a human



carcinogen.  All these measures of uncertainty and unevenness of component estimates must be



described, at least in summary fashion, in the risk characterization.



4.2.  HAZARD INDEX



4.2.1.  Definition



The primary method for component-based risk assessment of toxicologically similar



chemicals is the Hazard Index (Teuschler and Hertzberg, 1995), which is derived from dose



addition (Svendsgaard and Hertzberg, 1994; also see Sections 2.6.1 and 4.1.1).  In this guidance



document, dose addition is interpreted as simple similar action (Finney, 1971), where the



component chemicals act as if they were dilutions or concentrations of each other differing only



in relative toxicity.  Dose additivity may not hold for all toxic effects.  Further, the relative toxic



potency between chemicals may differ for different types of toxicity or toxicity by different



routes.  To reflect these differences, the Hazard Index is then usually developed for each



exposure route of interest, and for a single specific toxic effect or for toxicity to a single target



organ.  A mixture may then be assessed by several HIs, each representing one route and one toxic



effect or target organ.



The Hazard Index is defined as a weighted sum of the exposure measures for the mixture



component chemicals.  The “weight” factor according to dose addition should be a measure of



the relative toxic strength, sometimes called “potency.”  Because the Hazard Index is tied to dose



addition, each weight factor should be based on an isotoxic dose.  For example, if the preferred



isotoxic dose is the ED10, then the Hazard Index would equal the sum of each chemical’s



exposure level divided by its ED10 estimate.  The goal of a component-based quantitative mixture



assessment is to approximate what the mixture value would be if the whole mixture could be
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tested.  For example, a Hazard Index for liver toxicity should approximate the concern for liver



toxicity that would have been assessed using actual toxicity results from exposure to the whole



mixture.



4.2.2.  Information Requirements



Empirical evidence for dose addition includes similarly shaped dose-response curves of



the component chemicals, or identical dose-response curves when the doses are scaled for



relative potency as well as straight line isoboles (see Section 4.1.1 for other definitions and for



more background information). When the response involves quantal data on the number of



animals (people) responding, the evidence for dose addition can also include parallel log dose-



probit response curves of the component chemicals. Dose addition can also be demonstrated by



statistical comparisons of the observed mixture response with the estimated response derived



from dose addition, although this evidence may not apply to doses other than those tested.  The



biological basis for dose addition is the similarity of chemical components regarding toxicologic



behavior, such as toxic mechanism, mode of action, or endpoint.  When external exposure levels



are used in place of internal dose, then the similarity judgment also includes physiologic



disposition (uptake, metabolism, pharmacokinetics, etc.).



The Hazard Index method is specifically recommended only for groups of toxicologically



similar chemicals that all have dose-response data.  In practice, because of the common lack of



information on mode of action and pharmacokinetics, the requirement of toxicologic similarity is



usually relaxed to that of similarity of target organs (U.S. EPA, 1989a).  Additional information



on mode of action or on other factors that could affect tissue exposure (e.g., deposition pattern in



the nose) should be reviewed to ensure that dose additivity is appropriate.  When evidence



indicates independence of action for low to moderate exposure levels, i.e., at doses near the



individual chemical NOAELs,  response addition should be used (see Sections 2.6.2 and 4.5). 



Any approach not based on dose addition must be clearly described, and the evidence for



applicability at low doses must be presented.



4.2.3.  Alternative Formulas



The Hazard Index can be determined in several ways, depending on the available data and



on the interpretation of risks that is desired.  The formula must represent dose addition as a sum



of exposures scaled by each chemical’s relative toxicity.  The only constraint is that the units of



exposure and relative toxicity should cancel, so that each term and the resultant index are



dimensionless.  Clearly, all scaling factors in the same Hazard Index should reflect the same



toxicity measure (e.g., 1/ED10).  There is no commonly accepted standard measure of toxicity for



exposure levels associated with minimal toxicity, in contrast to the slope factor for cancer (when
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(4-8)



(4-9)



nonthreshold, low-dose linearity is assumed) or the LD50 for lethal levels.  To ensure consistency



with other EPA guidance on risk assessment, lethal dose data are not recommended for use in



mixture risk assessment.  The approach taken in the 1986 mixture guidelines (U.S. EPA, 1986)



(Appendix A) for the scaling factors in the Hazard Index is to use the inverse of an acceptable



level (AL).  The alternatives presented in this section use different toxicity-specific doses for AL.



The guidelines formula for the Hazard Index is then quite general:



where



E = exposure level,



AL = acceptable level (both E and AL are in the same units), and



n = the number of chemicals in the mixture.



In practice, EPA risk assessors have usually calculated the Hazard Index by using the RfD or RfC



as the AL (U.S. EPA, 1989a).  For example, for oral exposures:



where



Ei = daily oral intake of the ith chemical, and



RfDi = EPA Reference Dose for the ith chemical.



Each term in Equation 4-9 is called a hazard quotient (U.S. EPA, 1989a) and represents



that chemical’s contribution to the toxic endpoint of concern.  This equation applies to oral



exposures.  For the inhalation route, the exposure measure is the ambient air concentration and,



instead of the RfD, the AL is the RfC (U.S. EPA, 1994a).



By modifying the above formula, one can utilize other expressions for exposure and



relative toxicity that may be more appropriate for different situations.  For example, for a Hazard



Index representing subchronic exposures, the appropriate subchronic data should be used, both



for the exposure estimate and the AL.  To ensure clarity of interpretation, the scaling factors, AL,
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should be carefully documented and the resulting subchronic Hazard Index must be clearly



identified as representing the shorter term exposure.



The use of an acceptable level in the relative toxicity scaling factor (e.g., 1/RfD) may be



overly health protective in that the RfD (or RfC) is based on the critical effect, defined as the



toxic effect occurring at the lowest dose.  When the Hazard Index is calculated for some



different, less sensitive effect, the RfD will be too low, so the factor (1/RfD) will overestimate



the relative toxicity and the Hazard Index will be too large.  One alternative that avoids this



critical effect conservatism is to use a toxicity-based exposure level that is specific to the target



organ of interest and is derived similarly to an RfD (or RfC).  For oral exposures, this value is



called the target organ toxicity dose or TTD (Mumtaz et al., 1997).  The formula for the Hazard



Index would be identical to Equation 4-9, with the TTD replacing the RfD.  For inhalation



exposures, a similarly defined target organ toxicity concentration (TTC) could be used.  This



same approach can be applied to HIs for shorter exposures by using the effect-specific data



appropriate to the shorter exposure period of concern.



The TTD is not a commonly evaluated measure and currently there is no official EPA



activity deriving these values, as there is for the RfD and RfC.  This alternative should be



considered when there is sufficient reason to believe that the overestimate of the Hazard Index



caused by use of RfDs is significant to the interpretation of the mixture assessment.  In that case,



TTDs can be derived for the mixture components of interest by following the scientific steps



used in deriving an RfD.  The evaluation of quality of the candidate toxicity studies and the



choice of uncertainty factors should parallel those steps in the RfD process.  One difference in



the uncertainty factors concerns the factor for completeness of the database used for RfD



development.  For example, if no two-generation study existed for a chemical, there could be an



additional uncertainty factor used to obtain the RfD because the RfD must protect against all



toxic effects.  When developing a renal TTD, however, no additional factor would be used



because the data would only include renal effects (Mumtaz et al., 1997).



Any TTDs derived for a mixture assessment must be clearly documented, including the



array of studies considered, the study and dose selected for calculation purposes, and the



uncertainty factors chosen.  When the critical effect of a chemical is the effect being described by



the HI, the RfD and TTD will apply to the same target organ and so should be the same unless



the TTD is based on newer information.  When data for one or more components are not



sufficient for deriving their organ-specific TTDs, their RfDs should be used and noted as a



source of possible overestimation of the HI.  This discussion and recommendations also apply to



HIs for shorter exposures, and to TTCs as replacements for RfCs in an Hazard Index for



inhalation exposures.
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Example.  Consider a mixture of six chemicals, with data given in Table 4-1.  When data



were not sufficient for deriving a TTD, the RfD was used as a surrogate.  There were several



instances, however, where the critical effect of a component was the effect of concern, so the



TTD and RfD were the same.  This example illustrates that, for some endpoints, the substitution



of the TTD will produce a Hazard Index value that is significantly less than the Hazard Index



based on RfDs alone, while for others the difference is minor.  In this example, the Hazard Index



for reproductive effects changes from 3 to 1 by substituting the TTDs for the RfDs, whereas the



Hazard Index for renal effects only changes from 2 to 1.  See Mumtaz et al. (1997) for more



complete discussion of this and other examples.



These two Hazard Index methods, by using a TTD or RfD, have a quantitative weakness.



The relative toxicity scaling factor (e.g., 1/RfD) is calculated from an experimental data point



(e.g., the highest NOAEL).  As a result, the use of small experimental dose groups could produce



no significant response (the NOAEL) solely because of the low capability to detect the effects



(i.e., lack of statistical power), thereby overestimating the NOAEL and underestimating the



scaling factor.  In addition, because the scaling factor is tied to actual experimental doses, wide



dose spacing limits the measure's precision. 



A different approach to determining relative toxicity is to calculate a benchmark dose or



benchmark concentration (BMD/C) for the target organ of interest (U.S. EPA, 1996d).  To



illustrate, consider oral exposures.  The BMD approach entails identifying a dose (e.g., the ED10)



associated with a particular benchmark risk or magnitude of response (e.g., 10%) for the effect of



concern and involves statistically fitting a dose-response model to the toxicity data.  For most



mixtures, however, the available dose-response data for the different component chemicals will



be based on different conditions, such as differences in exposure duration or test species.  The



Hazard Index can use these BMDs only if some sort of standardization is applied so that the



1/BMD scaling factors describe a common scenario. 



For example, if all component chemicals had chronic dose-response data on humans, then



the data are already consistent and the Hazard Index would use 1/BMD for each relative toxicity



scaling factor.  The mixture risk could then be interpreted fairly precisely.  When the HI=1, the



mixture is at its BMD.  If the BMD is defined as the ED10, then when HI=1, the mixture exposure



should produce a 10% response (see Section 4.2.6, Equation 4-12). 



When the chemical components do not have similar dose-response scenarios, some other



method must be used to standardize the BMDs.  An obvious approach is to use uncertainty



factors and derive a TTD from each BMD, and then use 1/TTD for the scaling factor.
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Table 4-1.  Example application of the target-organ toxicity dose



Chemical Hepatic TTD Renal TTD Reproductive
TTD



Oral exposure
(mg/kg per day)



RfD (mg/kg
per day) HQ Critical effect



Acetone 1.00E-01
RfD



1.00E-01
RfD



NA 4.E-02 1.E-01 0.40 Renal, hepatic



Chloroform 1.E-02
RfD



1.E-01
TTD



NA 5.E-03 1.E-02 0.50 Hepatic



Dibutyl
phthalate



NA NA 2.E-01
TTD



8.E-02 1.E-01 0.80 Incr. mortality



Diethyl
phthalate



NA NA 5.E+00
TTD



1.E+00 8.E-01 1.25 Growth



Di(2-ethyl-
hexyl)
phthalate



2.E-02
RfD



2.E-02
RS



5.E-02
TTD



1.E-02 2.E-02 0.60 Hepatic



Phenol NA 2.E+00
TTD



NA 3.E-01 6.E-01 0.50 Developmental



HI-RfD 1.5 2.0 2.7



HI-TTD 1.5 1.2 0.8



In the TTD columns, the source of the value is coded as: 
TTD: new TTD developed for this effect.
RfD:  this is the critical effect, so the TTD=RfD.
RS: insufficient data for a TTD, so RfD used as a surrogate.



TTDs and RfDs are from Mumtaz et al. (1997).  Exposure levels (dose) are set for illustration only.
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4.2.4.  Comparison of the Hazard Index Formulas



The four approaches to calculating the Hazard Index can be compared by whether they



have various desirable characteristics.  None of the approaches possesses all the desirable traits,



so the preferred method will need to be judged for every application. 



One of the key desirable features is the constraint to use only data on the effect of



concern.  Because the Hazard Index is tied to a specific effect, the underlying data should be on



that effect.  Substituting data on the critical effect introduces an unknown degree of



conservatism, so that the Hazard Index is inflated by an unknown amount. 



Another desirable characteristic is the use of statistical analysis on the entire dose-



response study data, e.g., to generate a BMD.  Statistical analysis of the dose-response data



allows quantification of uncertainty and reflects more information by using the entire dose-



response data set.  Restriction to an actual experimental dose, such as focusing on a single



NOAEL or LOAEL, ties the precision of the HI to the dose spacing used in the study.  Also,



when only the actual exposure level is used, there is no reflection of its statistical uncertainty in



the HI calculation. 



A third desirable characteristic is the constraint to use only data on humans for the



exposure scenario of concern.  As more extrapolation is performed, such as using an uncertainty



factor to allow subchronic data to be used for a chronic risk assessment, the interpretation of the



HI becomes more vague.  Uncertainty factors play an important role in standardizing the data so



that chemicals with different kinds of dose-response data can still be combined in the HI



calculation.  Because uncertainty factors are judgmental, not statistically derived scaling factors,



their accuracy and precision are difficult to quantify. 



Finally, it is important to have ready access to the data required for the particular



approach.  Whereas direct human dose-response data are preferred, they are rarely available for



environmental chemicals.  Similarly, although the TTD avoids the conservatism of the critical



effect, and may use fewer uncertainty factors than the RfD, there are no plans within EPA for



development of TTDs.



The four approaches can be summarized in Table 4-2.  For easier comparison, only oral-



exposure nomenclature is used.  For inhalation, each “D” (for oral dose) in the column headers



should be replaced by a “C” (for air concentration).  BMD-hu refers to a BMD-based HI using



human data for the exposure scenario of concern.  TTD-BMD refers to the TTD-based HI where



the TTDs use dissimilar BMDs that have been standardized by uncertainty factors.



The default procedure for the HI has traditionally been to use the RfD or RfC (U.S. EPA,



1989a).  Because of their much wider availability than TTDs, standardized development process



including peer review, and official stature, the RfD and RfC are recommended for use in the



default procedure for the HI.  When possible, the other methods should be employed, even if only 
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Table 4-2.  Comparison of HI methods



Feature BMD-hu TTD-BMD TTD RfD



Toxic effect of
concern



yes yes yes not usually



Statistical
analysis of  full
dose-response
data set



yes yes no no



Species and
exposure
scenario of
concern



yes no no no



Easily available
data



no not much some yes



for some of the mixture components, to allow at least partial characterization of the uncertainty



and conservatism introduced by use of the RfD or RfC.



The mixture components to be included in the HI calculation are any chemical



components showing the effect described by the HI, regardless of the critical effect upon which



the RfD/C is based.  If the effect of concern is different from the RfD’s or RfC’s critical effect, 



the relative toxicity scaling factor for that chemical will be an overestimate, and the discussion of



the resulting HI must include a qualifying statement that notes the potential conservatism.  For



shorter term exposures, the appropriate data and calculations should be used as described in the



previous sections.  Other modifications, including development and use of ad hoc TTDs, are



possible but should be justified in each case and should clearly describe the underlying data used



in the determination.



A separate HI should be calculated for each toxic effect of concern (U.S. EPA, 1986,



1989a).  The target organs to be addressed by the HIs should be decided for each particular



mixture assessment.  The assessor should compare the dose-response curves for the different



toxic effects with the estimated exposure levels (and routes) to ensure that those effects most



relevant to the environmental exposure are addressed.  When certain toxic effects are known to



occur, but at much higher exposure levels than those being assessed, then the HI for those effects



may not need to be evaluated, but an explanatory note should be included in the discussion of



assumptions and uncertainties for the mixture assessment.
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4.2.5.  Interpretation



The HI is a quantitative decision aid that requires toxicity values as well as exposure



estimates; it is then part of the risk characterization.  When each organ-specific HI for a mixture



is less than 1 and all relevant effects have been considered in the assessment, the exposure being



assessed for potential noncancer toxicity is to be considered unlikely to result in significant



toxicity.  When each HI is less than 1 but important information is missing or highly uncertain,



then the conclusion of unlikely toxicity is weakened, and the discussion of uncertainties must be



expanded appropriately.  When the applicability of dose addition is also questionable,



particularly if there is some evidence of synergism among some of the component chemicals,



then an HI less than 1 should be viewed cautiously and consideration should be given to



developing an interaction-based HI (see Section 4.4).



When any effect-specific HI exceeds 1, concern exists over potential toxicity.  Some



research suggests that concordance across species of the sequence of target organs affected with



increasing dose (e.g., the critical effect) and concordance of the modes of action are variable and



should not be automatically assumed (Heywood, 1981, 1983).  Some effects, such as hepatic



toxicity, are more consistent across species, but more research is needed in this regard.  The



specific target organ or type of toxicity that is of greatest concern for humans may not be the



same as that for which the highest HI is calculated from animal studies, and so specific effects



should not be inferred unless considerable empirical or mechanistic information exists supporting



that cross-species concordance.  As more HIs for different effects exceed 1, the potential for



human toxicity also increases.  This potential for risk is not the same as probabilistic risk; a



doubling of the HI does not necessarily indicate a doubling of toxic risk.  A specific numerical



value of the HI, however, is usually assumed to represent the same level of concern regardless of



the number of contributing chemical components or the particular toxic effect that is being



tracked.



When human BMD/Cs are available, then HI=1 will be easily understood as representing



the benchmark risk level of the specified effect.  Because HI=1 is often used as a decision



threshold in risk assessment, this benchmark risk should be carefully selected to represent the



boundary below which the effect is deemed not to be of concern.  The most recent EPA



benchmark dose guidance should be used in making that selection.



No specific decision threshold is proposed for general application of the HI.  Because the



RfDs (and by inference the TTDs) are described as having precision no better than an order of



magnitude, the HI should be rounded to no more than one significant digit.  Concern should



increase as the number of effect-specific HIs exceeding 1 increases.  The numerical magnitude of



the HI must be interpreted in the context of the supporting information.  For example, as a larger



number of effect-specific HIs exceed 1, concern over potential toxicity should increase.  Both
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large and small HIs should be reviewed for large uncertainties.  Small HIs can be caused by



incomplete characterization of the mixture composition, by missing RfDs, or by missing



exposure levels for some chemicals.  A large HI can be caused by a few chemicals whose RfDs



(or TTDs) are based on large uncertainty factors, or because RfDs are used in place of TTDs and



are based on some effect other than the one addressed by the HI.  Whenever an HI is included in



a risk assessment, its value must be accompanied by a description of the quality and contribution



of the supporting information and of any data gaps.



4.2.6.  Reference Value for a Mixture



When only component toxicity data are available and dose or concentration addition can



be assumed, knowledge of individual chemical RfDs can be used to determine the mixture RfD



(Svendsgaard and Hertzberg, 1994).  One example of this is human consumption of fish



(Dourson and Clark, 1990).  Assuming stable exposure conditions, the mixture intake is then



determined by the amount of fish eaten (i.e., total mixture dose), while the relative proportions of



mixture components are constant.  A fish RfD can then be calculated as the level that represents



the intake of fish (e.g., kg of fish flesh per day) associated with minimal risk.  



The calculations are straightforward (Mumtaz and Hertzberg, 1993) and represent dose



addition applied to the chemical components that show similar toxicity.  The easiest approach is



to start with the zero-interaction equation (Berenbaum, 1989), here given for a mixture of two



chemicals, and using 0.05 as the fixed response for scaling the component doses:



1 = d1/D1 + d2/D2   (4-10)



where:



di = dose of ith chemical, and



Di = dose of ith chemical that produce the response of 0.05.



In Berenbaum’s equation, each dose is scaled according to “doses isoeffective with the



combination.”  In this example, the “effect” is defined as a small response value, say 0.05.  Then



the Di values are the respective ED05 values for the two components when exposure is to one



chemical at a time.  If the component doses are such that Equation 4-10 is true, then the mixture



dose,  dm = (d1 + d2), is at its ED05, denoted here by Dm .  This is determined by representing the



joint exposure by fractions (fi) of total mixture dose (i.e.,  di = fi*Dm):



1 = f1*Dm/D1 +  f2*Dm/D2   (4-11)











-89-



Dividing by Dm  gives:



1/Dm = f1/D1 + f2/D2    (4-12)



and inverting gives the mixture ED05, again valid only for fixed proportions f1 and f2.  



A similar procedure can be used to determine the reference dose for the mixture (RfDm)



by interpreting the isoeffective doses to be RfDs (i.e., doses producing negligible risk of adverse



effects).  If we invert Equation 4-12 and substitute the component RfDs for the component



ED05s, then we obtain:



     RfDm = 1 / (f1/RfD1 + f2/RfD2)   (4-13)



Example.  Let the single chemical data be:



Chemical 1 Chemical 2
RfD        20        35
Fraction in mixture       0.7        0.3



Then application of Equation 4-13 gives the mixture RfD as:



RfDm = 1/( 0.7/20 + 0.3/35) = 1/(.044) = 23



The reference value for a mixture, such as an RfD, is reasonable only when certain



conditions occur.  Most critical is that the mixture composition must be fairly constant so that



total mixture intake is the only important variable.  If this requirement cannot be assured, then



the mixture reference value should not be calculated.  Another condition is that the component



chemicals are similar, so that dose addition can be applied.  When toxicologic similarity cannot



be assured, then either another formula must be derived, or the mixture must be tested as a whole



(see Chapter 3).  If any other formula is employed, then it must be justified.  Further,



genotoxicity and other no-threshold, low-dose-linear toxicity must be ruled out.  The other



cautions regarding component-based risk characterization also apply (see Section 4.1.4).



One of the main limitations to accuracy of this mixture reference value is the use of



component reference values.  While individually they have a common definition, they do not



have a common database.  As noted in the discussion of the HI (Section 4.2), RfDs (and RfCs)



for different chemicals are derived separately, and often represent differing degrees of quality



and relevance.  Interpreting the overall quality of the mixture RfD as the composite of several



variable-quality individual RfDs is a difficult process.  In the extreme, when one component’s
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reference value is clearly of marginal quality, as reflected by a high uncertainty factor and few



studies, the assessor should discuss the uncertainty and should consider presenting two mixture



reference values: one that incorporates reference values for all chemicals and one that excludes



the highly uncertain reference value.



4.3.  INTERACTION-BASED HI



In the method described in this section, the key assumption is that interactions in a



mixture can be adequately represented as departures from dose addition (Hertzberg et al., 1999). 



The method follows an obvious approach: to begin with the dose-additive HI, and then modify



its calculation to reflect the interaction results, using plausible assumptions to fill in the data



gaps.  A secondary assumption is that the influence of all the toxicologic interactions in the



mixture can be adequately approximated by some function of the pairwise interactions.



4.3.1.  HI Definition



4.3.1.1.  Background



Toxicologic interactions have been mostly studied with binary mixtures.  One way to



include interactions in a mixture assessment is to modify the noninteractive assessment by



knowledge of these binary interactions; a tacit assumption is then that higher order interactions



are relatively minor compared to binary interactions.  Few studies quantify interaction, and even



fewer quantitatively describe the dose-dependence of the interaction.  Consequently, for an



approach to be able to use available data, some qualitative procedure is needed for judging the



impact of the potential toxicologic interactions.



EPA previously developed a weight-of-evidence procedure that uses binary interaction



data to modify the HI (Mumtaz and Durkin, 1992; Mumtaz et al., 1998).  This procedure



reflected the strength of the available interaction studies as well as the amounts of each



component in the mixture.  The first step entailed a review of relevant information on all of the



possible binary interactions in the mixture.  Among the several factors considered are the degree



of understanding of the interaction, its relevance to toxicity, and the extent of extrapolation to the



exposure conditions of interest (e.g., route and species conversions).  The strength and



consistency of this evidence was then assigned a numerical binary weight-of-evidence



(BINWOE) score.  The BINWOE was then scaled to reflect the relative importance of the



component exposure levels.  A main property of the Mumtaz and Durkin approach is that the



scaled BINWOE decreases with decreasing exposure levels, reflecting a common observation



that the significance of interactions in a mixture decreases as the exposure and likelihood of



response decreases.  This scaled BINWOE is then used to modify the dose-additive HI as



follows:
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(4-14)



where HIADD is the noninteractive HI based on dose addition, UFI is the uncertainty factor for



interactions, and WOEN is the scaled BINWOE.



The procedure outlined by Mumtaz and Durkin (1992) has been a major advance in the



risk assessment of chemical mixtures.  The approach is quite feasible: it uses available



information along with toxicological judgment and reflects many general concepts about



toxicologic interactions.  When the approach is tested for consistency of application (Mumtaz et



al., 1995), individuals and groups tend to develop fairly similar scores, though sometimes with



different rationale.



The weaknesses in the approach are few, but important.  The guidance on selecting the



uncertainty factor for interactions is not given, the steps in determining the BINWOE are fairly



complex, and the magnitude of the interaction is not included.  The relative weights applied to



the various categories of information lack support from empirical assessments of the influence



that some key experimental variables have on the interaction consistency.  Further, the formula



itself (Equation 4-14) may be overly simple in that the interactions and additivity components are



separable; i.e., the interactions information is completely represented by the multiplicative factor



UFWOE, which is applied to the entire additive HI.



The recommended procedure incorporates several changes from the original developed



by Mumtaz and Durkin (1992).  The main difference is seen in the formula (Hertzberg et al.,



1999).  Instead of the additive HI (Equation 4-9 in Section 4.2) being modified by a single



composite interaction factor, each term is modified according to the influence (interaction) of the



other components, and then these modified terms are summed.



Consider the example of a HI for liver toxicity.  The Hazard Quotient (HQi) for the ith



chemical (U.S. EPA, 1989a) reflects that chemical’s individual contribution to hepatic toxicity. 



The interactions approach then considers two contributions to toxicity: the hepatic toxicity



resulting from a single chemical by itself, indicated by the value of HQi, and the influence of all



the other chemicals’ interactions affecting the liver.  In many cases, direct measurement of



changes in liver toxicity will not be available.  General changes affecting internal dose, such as



the bioavailability or pharmacokinetics of the chemical, can then be substituted (Krishnan et al.,



1994).



The need to focus on a single chemical’s toxicity is illustrated by studies showing



asymmetric interactions.  For example, the influence of chemical A on chemical B’s toxicity may



be synergistic, while the influence of B on A’s toxicity may only be dose additive.  By having



two separate terms in the interaction-based HI, these differences are incorporated.
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Component exposure levels also can affect the nature and magnitude of the interaction. 



The high-to-low dose extrapolation is particularly problematic for mixtures.  Many dramatic



interactions occur at high exposure levels, e.g., the substantial synergism between tobacco



smoking and radon exposure.  Several publications note the expectation that most high-dose



interactions will be minimal at very low doses.  Examples that include the dose dependence of



the interaction, however, are sparse.  Feron et al. (1995) discuss some examples where



interactions occur at exposures near individual minimal-observed-effect levels while only dose-



addition is apparent near individual no-effect levels; they do not present a quantitative relation



between interaction and dose.  The influence of the relative proportions is also of concern.  For



example, with respect to the loss of righting reflex in mice (Gessner, 1995), the ED50



isobologram for the interaction between ethanol and chloral hydrate shows synergism at low



ethanol levels, but concentration additivity at higher ethanol levels.  One suggestion is that the



interaction should become less important as one chemical begins to dominate the mixture



toxicity.



4.3.1.2.  Formula



The interaction-based HI includes two evaluations of the weight of the evidence (WOE)



for interaction for each pair of component chemicals in the mixture: one WOE for the influence



of chemical A on the toxicity of chemical B, and one for the reverse.  This qualitative judgment



is then changed into a numerical score.  Some common assumptions and desirable properties



could also be included:



(1) The pairwise interactions capture most of the interaction effects in the mixture.



(2) The interaction is highest when both chemicals in the interacting pair are at
equally toxic doses (neither chemical is dominant).



(3) The interaction-based HI must reduce to the dose-additive HI as the interaction
magnitudes decrease.



(4) The main toxicologic effects from the mixture exposure are limited to those
effects induced by the individual component chemicals.



(5) The interaction magnitude is likely to decrease as mixture dose decreases.



The WOE procedure modifies each HQ in the formula for HI.  For the ith chemical, the



modification means multiplying HQi by the sum of all the pairwise interaction contributions from



the remaining chemicals (thus the summation index is for all i not equal to j).  This multiplier is



(each term is described below):
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The full modified formula for the interaction-based HI, HIINT , is then:



(4-15)



where:



HIINT = HI modified by binary interactions data,



HQi = hazard quotient for chemical i (unitless, e.g., daily intake/RfD),



fij = toxic hazard of the jth chemical relative to the total hazard from all chemicals
potentially interacting with chemical i (thus j cannot equal i),



Mij = interaction magnitude, the influence of chemical j on the toxicity of chemical i,



Bij = score for the strength of evidence that chemical j will influence the toxicity of
chemical i, and



�ij = degree to which chemicals i and j are present in equitoxic amounts.



Many formulas could be derived that reflect these ideas.  The above formula is



recommended as an interim method that is also simple.  Assumptions 1 and 4 are simplifications



in the data gathering stage.  Assumption 2 can then be modeled by a simple symmetric function



that is maximal when HQi=HQj.  Assumption 5 has no quantitative empirical support we could



find, and may be more reflective of the reduction in toxicity as dose decreases, making detection



of an interaction more difficult.  Consequently, assumption 5 will not be included here.  Pairwise



interaction studies usually show the influence of one chemical on the toxicity of the other



chemical.  If each HQ is used as the measure of that component chemical's toxicity, then we can



modify the HI by multiplying each HQ in the formula by a function of the following quantities:



the HQs of the other chemicals (to reflect the actual component exposure levels), the estimated



magnitude of each pairwise interaction, and the two WOE scores.  In this way, we are



incorporating the interactions by modifying each HQ by the influences of all the other potentially



interacting chemicals.  These modified HQs are then summed to get Equation 4-15, the



interaction-based HI for the mixture.
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4.3.1.3.  Weight-of-Evidence Factor (B)



The binary weight-of-evidence factor Bij reflects the strength of evidence that chemical j



will influence the toxicity of chemical i, and that the influence will be relevant to human health



risk assessment.  The factor need not be the same for the influence of chemical i on the toxicity



of chemical j; i.e., Bij � Bji .  The weight-of-evidence determination begins with a classification



of the available information, followed by a conversion of that classification into a numerical



weight.



The current weight-of-evidence classification is given in Table 4-3.  This scheme does



not focus specifically on the types of data available to support a WOE determination, but on the



interpretation of the data made by an analyst or a group of analysts.  In this respect, the scheme is



less directive and more flexible than the BINWOE method originally developed by Mumtaz and



Durkin (1992).  Further, to allow for future modification of this classification, the binary nature



is not mentioned; i.e., the “BINWOE” has been replaced by simply “WOE.”



The scheme is based on the assessment of the direction of an interaction, the plausibility



that the interaction will occur, and the potential relevance of the interaction to human health. 



Four levels of confidence in the assessment—Roman numerals I through IV—are described.  For



each category, the weight-of-evidence determination is not intended to consider the magnitude of



the interaction, the dose levels at which the interaction will occur, or the relative amounts of the



agents in the mixture.  Similar to the original BINWOE method, these factors are considered at a



subsequent stage of the analysis, as detailed below.  The WOE scheme is then defined as:



• Weight-of-Evidence Determination—A judgment reflecting the quality of the
available information that categorizes the most plausible nature of any potential
influence of one compound on the toxicity of another compound, for a given
exposure scenario.



As indicated in Table 4-3, the first category, I, is intended to reflect essentially complete



confidence that the interaction will occur in humans and, therefore, the interaction is assumed



relevant to human health.  A classification of I does not necessarily imply that the interaction has



been observed in humans, or even that the interaction has been demonstrated in vivo.  Although



this might often be the case, it is not necessary.  The classification does indicate that, in the



judgment of the analyst or group of analysts, an interaction will occur, the direction of the



interaction can be predicted with confidence, and the nature of the interaction has clear



toxicologic relevance for humans.



In this context, the term toxicologic relevance means both that the interaction clearly



affects the health of the whole animal and that the endpoint of concern for effects on human
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Table 4-3.  Modified weight-of-evidence classificationa



Categories



I The interaction has been shown to be relevant to human health effects and the
direction of the interaction is unequivocal.



II The direction of the interaction has been demonstrated in vivo in an appropriate
animal model, and relevance to potential human health effects is likely.



III An interaction in a particular direction is plausible, but the evidence supporting the
interaction and its relevance to human health effects is weak.



IV The information is:



A. Insufficient to determine the direction of any potential interaction.



B. Insufficient to determine whether any interaction would occur.



C. Adequate as evidence that no toxicologic interaction between/among the
compounds is plausible.



aSee text for more detailed descriptions of each category.



health will be affected by the interaction.  For example, assume that two chemicals are under



consideration, both having RfDs based on liver damage.  Also assume that a study is available



that demonstrates a synergistic interaction on the kidney.  Depending on the nature of other



supporting evidence, the information about the kidney interaction might or might not be deemed



relevant to the assessment of potential interactions affecting the liver.  If it is deemed relevant,



the kidney study could be used to support a categorization of I.  Otherwise, a different category



would apply, as discussed below.  In either case, the burden is placed on the analysts to provide



the rationale for the determination.



At the other extreme, the lowest classification level, IV, encompasses three very different



types of assessments.  The first, IV.A, is that an interaction may occur, but the direction of the



interaction cannot be determined.  This type of classification could be based on conflicting



experimental results or on mechanistic ambiguity.  For example, suppose that two studies are



available on the effect of chemical A on chemical B.  Both studies use essentially identical



experimental designs, but they yield conflicting information on the nature of the interaction.  In



this case, concern that an interaction could occur might be high, but the direction of the



interaction could not be determined.  Mechanistic ambiguity is a term used by Mumtaz and



Durkin (1992) to describe assessments in which considering information on the biological



activity of the components could lead to different interpretations.  For example, if both agents are



conjugated by the same compound as part of the detoxification process, competition for the



conjugating compound could lead to a greater-than-additive interaction.  If, however, both agents
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are also oxidized by the same enzyme system to more toxic intermediates prior to conjugation,



saturation of the enzyme system could lead to a less-than-additive interaction.  In such a case,



concern for the interaction could be high, but again the direction of the interaction could not be



determined.



The second category in level IV, IV.B, is simply intended for cases in which no



information is available on how the compounds are likely to interact or even to indicate that any



interaction is likely.  This may be considered the complete opposite of Category I : rather than



complete certainty, IV.B reflects the admission of complete uncertainty.



A classification of IV.C is almost identical to Category I in that there is complete



certainty.  In this case, however, the certainty is that no interaction will occur.  This type of



classification usually indicates that one of the additivity models has been demonstrated or is very



likely to apply.



These three very different states of knowledge are placed within a single category because



they all have the same effect on the risk assessment of a mixture.  If the direction of the



interaction cannot be specified—either because of conflicting information or a lack of



information—or if the interaction is known to be additive, an additive model is used in the



mixtures risk assessment.  Explicitly identifying these three very different states of knowledge,



however, is intended to highlight the need for reflecting these differences in the verbal narrative



that should accompany each risk assessment.



Any number of classifications could be constructed between the complete certainty that



an interaction will occur and the acceptance or demonstration of an additivity model.  Only two



additional categories, II and III, are defined in the recommended system.  Category II is intended



for cases in which the data strongly support the determination that an interaction will occur in a



particular direction, but in which the relevance of the interaction to human health effects, while



plausible, cannot be demonstrated with a high level of assurance.  Category II then reflects the



lowest extent of extrapolation, across species or target organ, but supported by some evidence of



the toxicologic similarity.



The above example of two chemicals with RfDs based on liver toxicity and available data



showing an interaction on renal toxicity could fit into this category if confidence were low in the



relevance of the kidney interaction to effects on the liver.



Category III reflects more extrapolation and hence lower levels of confidence in the



assessment, either in terms of relevance to in vivo toxic effects or of uncertainties in the direction



of the interaction.  This category is intended primarily for cases in which interactions have either



been demonstrated or seem plausible, but only under experimental conditions that do not



correspond to the exposure scenario of concern.  For example, many studies are available on



interactions from sequential exposures: a group of animals is pretreated with one chemical and
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then dosed with a second chemical.  Various control groups or different dose levels of the two



agents are used to determine if pretreatment with the first chemical has any influence on the



toxicity of the second chemical.  These studies are usually designed to elucidate some aspect of



the mechanism of action or the metabolism of the second chemical.  Depending on the specific



chemicals and the nature of any supporting information, the resulting data may or may not be



judged sufficiently relevant for a weight-of-evidence determination.  If they are used, however, a



classification of III will often be more appropriate than a classification of II.



Category III will also encompass cases in which a toxicologic interaction has not been



demonstrated, but in which mechanistic data, while not compelling, are adequate evidence that



an interaction in a particular direction is more likely than an interaction in an opposite direction



and more likely than no interaction at all.  In other words, mechanistic ambiguity may exist but



be resolvable to an extent that the case merits a score higher than IV.A.



The above descriptions of types of data that might fit each of the four basic categories in



the modified WOE classification are not intended to be restrictive.  The nature of the data chosen



to support a particular classification is left to the discretion of the analyst.  This relative lack of



structure is the major conceptual difference between this method and the BINWOE method



originally described in Mumtaz and Durkin (1992).



The term Bij is simply the quantitative weight assigned to the qualitative WOEs (Table



4-4).  Positive values indicate synergism and negative values indicate antagonism.  These



numerical assignments are only crude weighting factors, not specific measures of interaction.  As



more information becomes available on toxicologic interactions, these assignments may change.



4.3.1.4.  Exposure Factor (F)



The Hazard Quotient for a chemical is multiplied by a sum of terms that reflect the other



chemicals’ interactions.  This sum must reduce to unity (1) when dose addition is assumed, and



so must be normalized in some fashion to avoid double-counting the individual Hazard



Quotients.  This is accomplished for each of the other components using the term fij:



(4-16)



where HIadd is the standard HI based on dose additivity.  This factor then scales the interaction



contribution of chemical j by its importance relative to all the other chemicals interacting with



chemical i.  The toxicologic importance here is represented by the Hazard Quotient.
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Table 4-4.  Default weighting factors for the modified weight of evidence



Category Description



Direction



Greater than
additive



Less than
 additive



I The interaction has been shown to be relevant to human health
effects and the direction of the interaction is unequivocal.



1.0 -1.0



II The direction of the interaction has been demonstrated in vivo
in an appropriate animal model, and the relevance to potential
human health effects is likely.



0.75 -0.5



III An interaction in a particular direction is plausible, but the
evidence supporting the interaction and its relevance to human
health effects is weak.



0.50 0.0



IV The assumption of additivity has been demonstrated or must be
accepted.



0.0 0.0
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4.3.1.5.  Interaction Magnitude (M)



The term Mij represents the maximum interaction effect, as defined below, that chemical j



can have on the toxicity of chemical i.   As with the WOE score, B, the interaction magnitude



need not be symmetric; i.e., the magnitude of interactive influence of chemical i on the toxicity



of chemical j may be different than the corresponding magnitude of chemical j on the toxicity of



chemical i.  The direction of the effect (synergism or antagonism) is not incorporated into Mij, co-



workers (1969, 1970) conducted a study on the joint action of all possible pairs of 27 chemicals



administered in equivolume combinations and 53 chemical pairs administered in equitoxic



concentrations.  The range of predicted to observed LD50s was about 0.2-5.  In other words, the



magnitude of the deviation from additivity for the mixtures tested was about a factor of 5 in



either direction (0.2 = 1/5).  More extreme interactions have been noted, for example, the



interaction described by Mehendale for the effect of chlordecone on the toxicity of carbon



tetrachloride. 



The default interaction magnitude is set at 5 in this guidance to reflect the studies



described above.  When the weight of evidence suggests an interaction but the magnitude of the



interaction cannot be quantified, this default value of 5 should be used for the interaction



parameter M.  Because this value does not have strong empirical support, information specific to



the chemical components of concern should be used when available.  Care should be taken to



ensure that the measured interactions are relevant to the low exposure levels usually involved in



environmental regulations, as well as to the health endpoints of concern.



4.3.1.6.  Weighting Factor for Relative Proportions (�)



The term �ij reflects the degree to which components i and j are present in equitoxic



amounts.  The definition of equitoxic is based on the relative magnitudes of the Hazard



Quotients.  Thus, the ith and jth components are said to be equitoxic if HQi = HQj.  A measure of



the deviation from equitoxic amounts for the ith and jth components is defined simply as the ratio



�ij of the geometric mean to the arithmetic mean:



(4-17)



Note that as HQi approaches HQj, �ij approaches unity.  As the difference between HQi and HQj



increases, �ij approaches zero.



The term �ij is incorporated into the algorithm under the assumption that, for a given total



dose of two chemicals, the greatest deviation from additivity will occur when both of the
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components are present in equitoxic amounts.  This assumption is also explicit in Finney's model



of a deviation from dose additivity (e.g., Finney, 1971, Equation 11.83, p. 262).



4.3.1.7.  Example



The properties of the interaction-based HI and some sample calculations are presented in



this section, using hypothetical chemicals so that certain points can be illustrated.  Consider the



following scenarios where high-quality information is known on the binary interactions of the



mixture components.  In all three cases, the weight-of-evidence categories would be I and thus



the WOE scores would be 1.0.



Scenario 1



All binary combinations of three chemicals are known to synergize each other by a factor



of 5 for the route and duration of concern, with an interaction directly relevant to human



health.



Scenario 2



All binary combinations of three chemicals are known to be additive for the route and



duration of concern, with an interaction directly relevant to human health.



Scenario 3



All binary combinations of three chemicals are known to antagonize each other by a



factor of 5 for the route and duration of concern, with an interaction directly relevant to



human health.



In scenario 2, each Bij is equal to zero because the three chemicals are known to be



additive (category IV-C in Table 4-3).  As a result, M is taken to the power of zero.  Thus,



whatever default value is used for M, the value of M to the power of zero is unity.  Also, from



Equation 4-16 we see that regardless of the ratios of the components in the mixture, the sum of



the fijs will equal 1.  



In other words, the HI will not change from one based on additivity.  The HI modified for



interactions for scenario 2 is then:
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Scenarios 1 and 3 are not quite as simple.  Because these scenarios are identical except



for the direction of the interaction (and hence the WOE weighting factors), only scenario 1 will



be examined in detail.  If each of the chemicals in the mixture is present in equitoxic amounts,



then all the Hazard Quotients are equal.  Equation 4-15 yields an adjusted HI five times greater



than the HI based on additivity.  Note that in this simple case, both Bij = 1 and �ij = 1. Assuming



that M is set to 5 (the proposed scenario says each chemical is known to potentiate the other by a



factor of 5), then Equation 4-15 reduces to:



Thus, if the HI based on additivity were 1, the HI considering interactions would be 5.  The



counterpart, scenario 3, would give an interaction-based HI of 0.2.



Suppose, however, that the mixture of chemicals 1, 2, and 3 was such that the hazard



quotients of each chemical were 0.98, 0.01, and 0.01, respectively.  For such a mixture, it would



not seem reasonable to assume as great an interaction as in the equitoxic mixture because the



relative amounts of chemicals 2 and 3 are much smaller than in the equitoxic mixture.  For this



98:1:1 mixture of the three chemicals, �ij < 1 for pairs involving chemical 1, resulting in a



decrease in the interaction-based HI.  For the effect of chemical 2 on chemical 1, using Equation



4-17 gives:



 �12 = (0.98*0.01).5 / (0.99/2) = 0.2, f12 = 0.01 / (1.00-0.98) = 0.5



Thus, the partial adjusted hazard quotient for just the effect of chemical 2 on chemical 1 is:



By symmetry, the effect of chemical 3 on chemical 1 would also be 0.676.  Thus, the adjusted



hazard quotient for chemical 1 would be 1.35 [=0.676+0.676], a 38% increase over HQ1.



By applying the same hazard quotients to the other terms in Equation 4-15, the adjusted



hazard quotients for chemicals 2 and 3 can be determined.  The adjusted hazard quotient for
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chemical 2 is 0.014.  Because chemical 3 is present in the same relative amount as chemical 2,



the adjusted hazard quotient for chemical 3 would also be 0.014.  As a result, the interaction-



based HI is 1.37 [1.35+0.014+0.014] for this 98:1:1 mixture of the three chemicals.  Rounding to



a single significant digit would yield a HI of 1, essentially the same as that under the assumption



of additivity.  Any time one chemical dominates the mixture composition to this extent, a good



approximation is that the interaction-based HI will be close to the hazard quotient for that



chemical.



Other cases can be similarly calculated.  For example, with the same assumptions and a



mixture composition of 8:1:1, a mixture having an additive HI = 1 would have an interaction-



based HI of 2.77, which would round off to 3.  If the interactions evidence were only in a few



studies on animals, so that the WOE was level II and thus a score of 0.75, the interaction-based



HI would be 2.16, which rounds to 2.



Evidence of antagonism that is not of level I quality receives a lower score than its



counterpart for synergism (Table 4-4).  The influence that this protective bias has on the



interaction-based HI can be seen by altering scenario 1 (equal hazard quotients, HI = 1) to have



interactions all of level II quality, so that antagonism yields B = 0.5 whereas synergism gives B =



0.75.  The results are easily observed by the multiplicative (n-fold) increase or decrease in HI:



Synergism Antagonism



Interaction-Based HI       3.3       0.45



n-fold increase or decrease of HI       3.3       2.2



4.3.2.  Information Requirements



Empirical evidence of toxicologic interaction is required only for interactions of pairs of



chemicals. Recall that one assumption of this procedure is that the mixture response can be



adequately approximated by the modification of each term in the additivity-based HI using only



pairwise interactions.  The interaction-based HI, HIINT, applies to one type of toxicity, so the



interaction must influence that toxicity. For example, consider the case where metabolites of



chemical A cause liver toxicity, and chemical B potentiates that liver toxicity by enhancing the



metabolism of A. Then the interaction, the influence of B on A’s toxicity, should be included.  



Even if the primary toxicity of B, the interacting chemical, is different from the toxicity of



concern addressed by the index (e.g., chemical B causes kidney lesions), B is included because it



influences the toxicity addressed by HIINT. Contrast this procedure to the additivity-based HI



(Section 4.2), where only toxicologically similar chemicals are included.  The consequence is



that an interaction-based HI can include more types of chemicals than would the additivity-based



HI. 
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The inclusion of interacting chemicals that do not cause the toxicity of concern in the



calculation does not cause any difficulties. In the above example, if chemical B does not cause



liver toxicity, then its HQ is zero. Chemical B then only enters the calculation through its



influence on the toxicity of chemical A.



An improved HIINT would result if the default functions, f and g, could be replaced by



empirically derived models that reflect the dose-dependence of the interaction. Such information



is rare, and, although encouraged, is not required.  



4.3.3.  Interpretation



Algorithms are presented here for using qualitative weight-of-evidence determinations to



modify a risk assessment based on information on binary interactions.  These algorithms are



somewhat more flexible than those originally proposed by Mumtaz and Durkin (1992) in that



information on the magnitude of the interaction can be explicitly incorporated, and that



modifications are made to each chemical’s Hazard Quotient.  In addition, if specific information



is available, the influence of mixture composition on magnitude of interaction can also be



incorporated, and the interaction can be asymmetric, i.e., the influence for chemical A on toxicity



of chemical B can be different than for chemical B on toxicity of chemical A.  



The methods for modifying the HI are based on commonly discussed principles of



toxicologic interactions.  The algorithms, however, do not attempt to directly model toxicologic



interactions.  Instead, the method should be regarded as a method for modeling “concern” for



toxicologic interactions, which reflects issues of magnitude as well as likelihood.  In this respect,



the scheme corresponds more closely with the current use of uncertainty factors in the risk



assessment of single chemicals than with an attempt to biologically model interactions.  When



specific information is available to model the pairwise interactions as functions of component



dose, such information can be used in lieu of the default procedures outlined above.  As more



interaction studies are completed and more interaction mechanisms and modes of interaction are



understood, these algorithms will be revised.



4.4.  RELATIVE POTENCY FACTORS



4.4.1.  Introduction



The toxicity (i.e., magnitude of toxic effect) of a chemical mixture is best determined by



direct toxicologic evaluation. When such studies are available for all of a mixture's component



chemicals, they may be used to develop a hazard index (see Section 4.2).  Because of the



temporal and monetary constraints imposed by epidemiologic studies or direct toxicologic



evaluation of the components or the mixture as a whole, other approaches that rely more heavily



on scientific judgment have been developed to assess the special case of the toxicity of mixtures
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of related compounds.  The use of existing data makes these approaches faster and less



expensive, but they are less certain because they employ simplifying assumptions and toxicity



inferences.



For the general case, evaluation of mixtures of related chemical compounds that are



assumed to be toxicologically similar can sometimes be made by using relative potency factors



(RPFs).  The approach relies on both the existence of toxicologic dose-response data for at least



one component of the mixture (referred to as the index compound) and scientific judgment as to



the toxicity of the other individual compounds in the mixture and of the mixture as a whole.  The



applicability of RPFs may be limited to certain types of effects or to a specific effect because of



data limitations; RPF application may also be limited to a specific route of exposure or exposure



duration.  The toxicity of the related compounds is predicted from the index compound by



scaling the exposure level of each compound by its toxicity relative to the index compound. This



scaling factor or proportionality constant is based on an evaluation of the results of a (usually)



small set of toxicologic assays or analyses of the chemical structures.  This constant is called the



RPF and represents the relative toxicity with respect to the index compound.  For example, if



compound A is judged to be one-tenth as toxic as the index compound, i.e., it requires ten times



the exposure to cause the same toxicity, then the RPF for compound A is 0.1.  If all components



of the mixture are assumed to be as toxic as the index compound, then all of RPFs would be 1.0;



conversely, if all of the related compounds have negligible toxicity, all of their RPFs could be



assigned a value of 0.



In the RPF approach, an exposure equivalent to the index compound is the product of the



measured concentration of the mixture component and the RPF.  These dose equivalents are



summed to express the mixture exposure in terms of an equivalent exposure to the index



compound; risk can be quantified by comparing the mixture’s equivalent dose in terms of the



index compound to the dose-response assessment of the index compound. This estimate of



equivalent index compound exposure should be considered an interim and approximate decision-



making tool.  The RPFs must be defined as to the scope of toxicologic effects that are covered,



and the degree of similarity in chemical structure and mode of action that can be inferred from



the summation of the adjusted exposure levels. (Mode of action refers to a continuum that



describes the key events and processes starting from the point of toxicant-cell interaction and



leading to the onset of a health endpoint). In general, the mixture concentration expressed in



terms of the index compound for n compounds is,



(4-18)
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where



Cm = mixture concentration expressed as index compound,



C1 = concentration of the index compound in mixture,



Ck = concentration of the kth mixture component, and



RPFk = proportionality constant for toxicity of the kth mixture component relative to the



toxicity of the index compound.



Clearly, RPF1=1, as k=1 indicates the index chemical.



To date, the Agency has developed  three examples of RPFs that estimate the toxicity of a



mixture of related compounds.  Each of these examples has been developed as an interim



measure pending the development of more case-specific data.  The three classes of compounds



for which relative potency approaches have been examined by EPA are the dioxins, the



polychlorinated biphenyls (PCBs), and the polycyclic aromatic hydrocarbons (PAHs).  Because



the levels of current scientific understanding of the modes of action and the toxicologic databases



for these classes of compounds differ, these three attempts have not achieved the same level of



scientific acceptance.



4.4.1.1.  Dioxins 



In March of 1989, EPA released Interim Procedures for Estimating Risks Associated with



Exposures to Mixtures of Chlorinated Dibenzo-p-Dioxins and -Dibenzofurans (CDDs and CDFs)



and its 1989 update (EPA/625/3-89/016).  These procedures also were discussed and adopted



internationally (Mukerjee and Cleverly, 1987; NATO/CCMS, 1988).  In addition to describing



the regulatory need and the process of achieving scientific consensus, the 1989 EPA document



cautiously recommended comparing available toxicologic data and structure-activity relationship



information on dioxin class members with those of 2,3,7,8-TCDD, the index compound, to



estimate the significance of exposures to the other 209 compounds in this class, termed



congeners.  The consequence of exposure to each compound was expressed in terms of  an



equivalent exposure of  2,3,7,8-TCDD by multiplying the concentrations of the individual



congeners by their assigned toxicity equivalence factor (TEF), a specific type of RPF.  The



resulting 2,3,7,8-TCDD toxicity equivalents (TEQ) were then summed to estimate the risk



associated with the mixture of these compounds.  The TEFs were assigned on the basis of such



data as information regarding human carcinogenicity, carcinogenic potency based on animal



studies, reproductive effects data, in vitro test data, and structure-activity relations.  Van



Leeuwen (1997) and van den Berg et al. (1998) identified each comparison of toxicity from an



individual experiment as a relative potency value, or REP. The term TEF was reserved for



consensus toxicity estimates where a single TEF is assigned to each dioxin congener. These
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TEFs were assumed to encompass and apply to all health endpoints and all exposure routes for



this class.



A number of toxicologic assumptions were associated with this approach; these included



the applicability of extrapolation from short-term to long-term health effects, similarities between



interspecies metabolism, appropriateness of high-dose to low-dose extrapolations, a common



mode of action for all members of the class, the constancy of TEF relationships for different



exposure routes and health endpoints, and the concept of dose additivity (U.S. EPA, 1989b).  To



better capture the uncertainty in these assumptions, all TEFs were provided as order-of-



magnitude estimates, and the Agency regards the results of dioxin TEF application as interim. 



The specific term TEF was applied to this class because of the wide acceptance of the approach



and the broad applications (i.e., across route and health endpoints) for which it was designed. 



Similarly, use of the term TEQ implies the existence of a larger data set upon which to base



toxicologic comparisons than would be true for most RPFs, so that this term should not be used



for the general case. 



After the TEFs were developed for dioxins, seven guiding criteria were developed for the



TEF approach (Barnes et al., 1991; U.S. EPA, 1991a).  It must be noted that a key assumption for



the dioxins was that a single TEF could apply to all toxic endpoints, all routes of exposure, and



for all exposure durations.  This means that, for example, for a given congener, the same TEF



would be used to assess cancer risk and to assess potential developmental effects.  The criteria



were:



• Demonstrated need for an interim assessment



• A well-defined group of compounds that occur in environmental samples as



mixtures



• TEF based on broad set of toxicity data covering many endpoints and many



congeners



• Relative congener toxicity generally consistent across many different endpoints



• Additivity of dose (i.e., dose addition)



• A presumed common mode for toxic endpoint of the components 



• TEF are formed through a scientific consensus.



These criteria were developed for specific application to the dioxins and dioxin-like compounds. 



The TEF is viewed as a specific type of application of the RPF.  The criteria listed by Barnes et



al. reflect the specific nature of the application to the dioxins, and dioxin-like PCB as discussed



below in Section 4.4.1.2.



The assignment of consensus TEF for chlorinated dibenzo-p-Dioxin, Dibenzofurans, and



biphenyls has been reevaluated by a number of expert panels including a recent one organized by



the World Health Organization (WHO) in 1997 (Van den Berg et al., 1998).  Based on the
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research into the toxicity of these compounds (e.g., Ahlborg et al., 1994), which occurred after



the early TEF work in the late 1980s and early 1990s, revisions were made to the TEFs that



reflected a consensus judgment of the expert panel.  For REPs from a given scientific study to be



included in this TEF reevaluation effort, this expert panel developed explicit criteria; these were



the inclusion of a reference compound in the scientific study and demonstrated effects on the



relevant endpoint by both the reference compound and the study compound(s) in the scientific



study.  The panel agreed upon a specific ranking scheme for weighting different types of



scientific studies. In this weighting scheme in vivo toxicity data were weighted more heavily than



in vitro data or assessments of toxicity based on structural elements of a compound (Structural



Activity Relationship (SAR) data).  Within the in vivo toxicity data, results of chronic studies



were weighted most heavily followed by subchronic studies and acute studies.  Toxic responses



were also weighted more heavily than adaptive responses.



The WHO expert panel (Van den Berg et al., 1998) also reevaluated the soundness of the



TEF approach for this group of compounds.  They “...concluded that the TEF concept is still the



most plausible and feasible approach for risk assessment of...” this group of compounds.  Studies



have been conducted that assess the toxicity of specific dioxin, furan and PCB mixtures in whole



mammals (or in cultured mammalian cell lines) and compare these measures with the TEF-



predicted toxicity.  The TEF-predicted toxicity was found to generally agree with a range of



toxicity measures (e.g., Harris et al., 1993; Schrenk et al., 1994; Harper et al., 1995; Schmitz et



al., 1996; Smialowicz et al., 1997).  However, for some toxicological responses, there appears to



be evidence for nonadditive interactions as well as antagonism and potentiation (e.g., Davis and



Safe, 1989; Safe, 1994; Birnbaum et al., 1985). This TEF approach and the TEF values



developed have been adapted and presented in the draft dioxin reassessment (U.S. EPA, 2000b).



Interestingly, the WHO expert panel (Van den Berg et al., 1998) extended the TEF



approach for this group of compounds to three classes of nonmammalian chordates, developing



consensus TEFs for two classes of fish and birds.  The expert panel also described studies in fish



and birds that test the validity of the TEF approach.  The results of these efforts are described as



supportive of the general assumption of dose additivity, although deviations from this



assumption are identified.



4.4.1.2.  PCBs



The Workshop Report on Toxicity Equivalency Factors for Polychlorinated Biphenyl



Congeners (U.S. EPA, 1991a) reported that certain groups of PCBs appear to share a common



mode of action with  2,3,7,8-TCDD.  On this basis TEFs (this term was again applied rather than



RPF because of the specific application to this chemical subclass related to dioxins) were



proposed in that report and others (e.g., Ahlborg et al., 1994) that related the toxicity of exposure
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to members of these PCB subclasses to that of 2,3,7,8-TCDD.  The same approach to estimating



TEQ was advanced for this group (U.S. EPA, 1991a).  TEFs were proposed only for some



members of the class, and the TEFs proposed were considered applicable only to the health



endpoint of cancer through the common mode of action shared with the dioxins.



When assessing PCB mixtures, it is important to recognize that both dioxin-like and non-



dioxin-like modes of action contribute to overall PCB toxicity (Safe, 1994; McFarland and



Clarke, 1989; Birnbaum and DeVito, 1995).  Because relatively few of the 209 PCB congeners



are dioxin-like, dioxin equivalence can explain only part of a PCB mixture's toxicity.  RPFs



based on action similar to 2,3,7,8-TCDD have been developed for 13 dioxin-like PCB congeners



(Ahlborg et al., 1994), but no RPFs exist for the non-dioxin-like modes of action.  



Because PCB cause cancer by both dioxin-like and non-dioxin-like modes of action, both



dioxin-like and non-dioxin-like portions of a mixture must be evaluated, either jointly or



separately.  When environmental concentrations of the dioxin-like congeners are available, those



exposure estimates can be multiplied by the corresponding RPFs and then summed to yield the



equivalent 2,3,7,8-TCDD exposure level for the dioxin-like portion of the mixture.  The



estimated cancer risk attributable to the dioxin-like portion of the mixture is then the cancer risk



for that exposure to 2,3,7,8-TCDD.  For the non-dioxin-like portion, the total dose of the



remaining congeners (subtracting the 13 dioxin-like congeners) can be multiplied by the slope



factor that would otherwise be applied to the total PCB mixture.  Then the cancer risk estimates



for those two portions of the mixture (dioxin-like and non-dioxin-like) can be added as an



estimate of the overall cancer risk posed by the mixture.  U.S. EPA (1996a) provides an example



of this approach. (It should be noted that the cancer slope factor for PCBs in U.S. EPA 1996a



was developed at a time when the concentration of the dioxin-like PCB congeners in the tested



mixture had not been reported. This information has since become available [Cogliano, 1998]



and EPA is revising the procedure by which dioxin equivalence is estimated.)



4.4.1.3.  PAHs



The Provisional Guidance for Quantitative Risk Assessment of Polycyclic Aromatic



Hydrocarbons (PAHs) (EPA/600/R-93/089) described an RPF approach for assessing the



carcinogenic risks posed by exposures to non-benzo(a)pyrene (B[a]P) PAHs that had been judged



by the Agency as B2 substances; i.e., probable human carcinogens.  The results of mouse skin



carcinogenicity assays for these non-B[a]P B2 PAHs were compared with those of B[a]P to



estimate cancer potency.  The approach assumed that the B2 PAHs had the same cancer slope



factor as B[a]P.  The ability of these non-B[a]P B2 PAHs to elicit rodent skin tumors was



quantitatively compared to that of B[a]P; the results of this quantitative comparison were



expressed as an “estimated order of potency.”  Because this approach was limited to the cancer
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endpoint, based on B[a]P exposure from a single (oral) pathway (for the derivation of the slope



factor), and considered only a small subset of the PAHs, EPA has described it as an estimated



order of potency.  This naming  reflects the uncertainty EPA felt about the application of this



type of approach given the current state of science of PAHs.  To estimate cancer risk for the B2



PAHs, the cancer slope factor for B[a]P was multiplied by the estimated order of potency and by



the concentration of the specific PAH.



4.4.2.  Procedures for Developing a Relative Potency Factor (RPF) Approach



TEFs for dioxins were the first RPFs developed and reflect a chemical group with the



broadest database examined to date and an apparent uniform mode of action.  The criteria for



developing TEFs are more rigorous than can be met by most classes of chemicals.  However,



TEFs provide the background for the procedures for general development of the RPF.  The RPF



may be less rigorous scientifically than the TEF and its application may be constrained by the



available data (Table 4-5).  The RPF is viewed more broadly than the TEF and can be formulated



by the following procedures.  Typically RPFs will be developed by a cross-disciplinary group of



scientists to address specific regulatory needs.



4.4.2.1.  Demonstrate Need for the Use of RPF as an Interim Estimate of Exposure 



The RPF approach should only be applied when dictated by a clear regulatory need. 



When temporal or monetary issues preclude more thorough analyses of the chemical mixture of



concern, then a RPF approach may be appropriate.  The RPF approach is considered to be an



interim method of dose-response assessment and its application may be more uncertain than



other methods.



4.4.2.2.  Initiate the RPF Process



When developing an RPF, both the appropriate data and the relevant scientific expertise



needed to evaluate the data must be assembled. The minimum data needed for development of an



RPF approach include: (1) a known or suspected common mode of action shared by the class of



compounds; (2) a quantitative dose-response assessment for the index compound; and (3)



pertinent scientific data that allow the components to be meaningfully compared to the index



compound in terms of relative toxicity. The relevant toxicologic data for the individual



components may include short-term or chronic in vivo assays, in vitro assays, and quantitative



structure-activity relationship data. Because the RPF approach relies heavily on the judgment of



scientific data, it may be important to assemble a cross-disciplinary group composed of scientists



who have established expertise for the given chemical class or understand the relevance of the



various toxicologic assays to human health risks. This group can assemble, interpret, and
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Table 4-5.  Differences Between TEFs and RPFs



TEFs RPFs



Specific type of RPF Generalized case



Apply to all heath endpoints May be limited to specific health endpoints



Apply to all exposure routes May be limited to specific routes



Apply to all exposure durations May be limited to a specific exposure duration



Imply more abundant data and greater
certainty about mode of action



May be based on lower quality/fewer data and
less certainty about the mode of action



integrate the relevant scientific data and may know of ongoing research activities that could be



brought to bear on the process.  This scientific group may also be useful in the evaluation and



limitations of the final product(s) of the approach.



4.4.2.3.  Define the Class of Compounds



The compounds included in the chemical class to be considered should be well-defined. 



They should be described in terms of the commonalities that permit them to be combined in an



RPF approach.  Included in the definition of the class should be the understanding of the



common mode of action leading to the observed toxicologic effects, the chemical similarity of



the compounds, and the identification of the spectrum of toxicologic impacts shared by the class. 



The compounds should also be known to occur as mixtures in environmental samples. If



exposures to the class compounds are not simultaneous, the RPF approach may still be valid.



Sequential exposures could result in overlapping internal doses, or overlapping effects because of



persistence of single-chemical effects. In those cases, dose addition could be an appropriate



approximate characterization of the mixture exposure, and so the RPF approach may be adequate



for the mixture risk assessment. Example applications have not been located in the literature, so



each case must be considered on its own merits. Exposures to different chemicals in the class that



are widely separated in time, however, may be better characterized by separate assessments that



treat the chemicals independently.



While clearly it is important to know the compounds involved, it is also important to



describe what is not known about the chemical class of interest; this includes descriptions of the



limitations of current analytical techniques, fraction of unidentified material in typical



environmental mixtures, purity of the individual compounds when assayed, the costs related to



chemical analysis, the identification of toxicologic impacts not shared by the class of compounds,
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etc.  In this step it is also important to identify which compounds or groups of compounds are not



being considered, the reasons for this, and the potential impact of this missing information on the



mixture risk assessment.  The relative abundance of a compound should also be considered: if a



particular compound is relatively rare, then large uncertainties may not be a significant factor for



RPF development. The pertinent data include dose-response data over a relevant range of doses.



4.4.2.4.  Develop the RPF 



4.4.2.4.1.  Select the index compound.  All RPFs will be based on comparisons of toxicity with



that of an index compound.  It is preferable to have a single index compound for the RPF



approach to promote consistency of application and interpretation. The index compound should 



have a quantitative dose-response assessment of acceptable scientific quality. It is presumed that



typically the index chemical will be the best studied member of the class and have the largest



body of acceptable scientific data.  The pertinent data include exposure data for the routes and



duration of interest and health assessment data for health endpoints of interest.



For most chemical classes the index compound will be obvious.  When there is more than



one potential candidate for the index compound, a judgment must be made regarding which



candidate is most representative of the class and has the most extensive and best quality database.



Once the set of toxicologic assays has been chosen for determining the RPF values, the selection



of the index compound will not impact the calculation of the equivalent mixture exposure level



because the relative magnitudes of the RPFs compared to each other will be unchanged. The



index compound selection does change which dose-response function will be used in interpreting



the equivalent mixture exposure in terms of health risk. Consequently, when there are multiple



candidates for index chemical, the uncertainty or range in the resulting mixture risk estimate



should reflect the differences in the index chemical dose-response function, both regarding



overall quality as well as relevance to the exposure conditions being assessed. For example,



when exposure conditions represent more than one route, it may be more appropriate to select a



different index chemical for each exposure route, i.e., one with the best dose-response data for



that route. Because the index compound must also have (or be expected to have) similar toxic



effects to the rest of the members of the class, toxicologic information about the compounds not



selected could be used to assess confidence in the approach in at least a limited manner.



4.4.2.4.2.  Describe the scientific basis for the RPF.  The scientific criteria for RPF development



need to be clearly stated.  The known or suspected common mode of action shared by members



of the class of compounds should be described. If the toxicologic assays used to develop the



RPFs were ranked, the justification for the ranking and its application should be described.  For



example, some RPFs could be assigned based on evidence of deleterious health effects in
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humans or study animals, reproductive effects data, in vitro test data, or structure-activity



relations.  Actual evidence of deleterious human effects or reproductive effects data for some



compounds is usually considered more certain than inferences based on the chemical structures



of compounds, and thus, the results of these in vivo studies may be weighted more heavily than



in vitro test data (see discussion of minimum criteria for RPF developed in Section 4.4.2.2).



If a single RPF is judged incapable of representing all toxic effects, then this must be



clearly noted.  The effects that are encompassed by the approach and the scientific reasons they



are included should be described.  The effects not included should also be described along with



the reasons for the decisions described.



4.4.2.4.3.  Assign RPF.  A description of the approach used to determine the RPF values should



be included.  This description should include the qualitative and quantitative interpretations of



toxicologic analyses for the compounds included in the RPF.  The assignment of numerical RPF



values should also be explained.  For example, to  convey better the uncertainty to potential end



users in the three examples presented in Section 4.4.1, RPFs were assigned only as order of



magnitude estimates.  Clearly, the certainty or precision of the approach should not be overstated.



When two or more assays are available to compare the toxicity of a class of compounds



with the index compound, multiple assay results could be used. For example, three RPF values



could be derived for one compound by using data from three different studies. The body of



scientific data used to determine an RPF for a specific member of a chemical class may be



portrayed as a range or a distribution. The resulting RPF range or distribution would still require



justification, including interpretation and impact of the individual toxicologic studies from which



the RPFs were developed.



4.4.2.5.  Characterize Uncertainty 



The strongest recommendation expressed in the U.S. EPA Chemical Mixture Guidelines



(U.S. EPA, 1986) (Appendix A) is to describe the uncertainties in risk assessment. This step is



crucial to proper interpretation of the RPF approach and the resulting mixture risk assessment.



The areas of uncertainty described below are considered to be a minimum of what should be



discussed. Other uncertainties that arise during the application to a specific mixture should also



be addressed.



4.4.2.5.1.  Define the health endpoints and exposure routes covered and not covered by the



approach.  In this step the scientific support for including or excluding the various endpoints and



routes in the RPF approach should be carefully described. The applications of scientific judgment



in the process of RPF development should be identified and described.
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For the widest application, a data set encompassing a variety of animal species, exposure



durations, health endpoints, and exposure routes is needed.  In the best cases it can be stated with



some confidence whether the effect on which the RPF is based is the most sensitive; the full



spectrum of health impacts may also be known.  For those classes of compounds with less than



complete toxicologic endpoint data for all members, it may be necessary to limit the endpoints of



applicability of the proposed RPF approach.  When only some endpoints are represented, it is



important to state what cannot be considered and why.  A risk assessment applying the RPF



should still account for other types of adverse health effects that are not included in the RPF



approach.  If different RPFs are developed for different toxic endpoints, and one or more effect-



specific RPFs for any class member cannot be developed, this limitation must be clearly noted as



a bias toward underestimating that toxicity.



4.4.2.5.2.  Determine the consistency within the group of compounds considered.  If  multiple



health endpoints, exposure durations, or multiple exposure routes are covered by the RPF, the



issue of consistency across routes, durations, and endpoints should be addressed.  For example, a



consistent approach may result in similar predicted RPF orderings across different health



endpoints and in vitro assay results.  This type of consistency may strengthen the choice of a



single RPF for multiple health endpoints or exposure routes.  Statistical procedures may also be



used in this determination.  The significance of inconsistencies should also be indicated and



reconciled if a single RPF is adopted for multiple health endpoints or routes.  These may indicate



uncertainty surrounding the common mode of action or uncertainty about the relationships



between the class members and the index compound.  Uncertainty of no more than two orders of



magnitude across endpoints and a generally consistent trend across several endpoints or exposure



routes would permit the choice of single RPF for a class or subclass of compounds.  This



criterion can be disregarded if the RPF is limited to a single endpoint and exposure route.



4.4.2.5.3.  Assess mode of action.  It is necessary to describe the mode of action of the class of



compounds underlying the health effects for which the RPF was developed.  A common mode of



action for the class is  the basis for the assumption of dose additivity.  However, in some cases



the class may be linked by common effect with only suggestive or indirect information



concerning the underlying mode of action.  The description of the RPF must answer the question,



“to what degree do the scientific data support the assumption of a common mode of action?”



4.4.2.5.4.  Assess additivity of dose assumption.  The RPF approach assumes an additivity of



dose.  Clearly, there is a stronger basis for the RPF when dose additivity is scientifically



demonstrated by dose-response studies that examine simple mixtures of the chemical class.  If
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these studies support the assumption of dose additivity, they increase the confidence in



applications of the approach.  If they indicate that there are synergistic or antagonistic



interactions that are not being considered, then the final answer based on the RPFs may be



unrealistic, and so a different approach such as the interaction-based hazard index should be



considered.  Interactions noted only at high exposures, however, should be viewed cautiously



because they may not occur at lower environmental exposures. Pharmacokinetic differences



among the class of compounds should be identified because differences in the pharmacokinetics



across species could substantially change RPFs developed from nonhuman data.



Chemical mixtures may exhibit dose additivity over certain combinations of dose ranges



for the individual chemicals but may not exhibit dose additivity over others. A methodology for



detecting regions of additivity and/or departure from additivity has been proposed (Gennings et



al., 1997; Gennings, 1995). A key feature of the methodology is that it enables generation of 



experimental designs that are practical in size, being based only on dose-response data for each



component in the mixture.



4.4.2.5.5.  Examine the issues related to application of the RPF.  The purpose of this step is to



allow the developers of an RPF approach to describe their concerns that relate to application of



the RPF. The concerns of those that develop an RPF approach are viewed as related, but distinct,



from those of the end users that apply it. Their concerns may pertain to the overall confidence in



the application when most of the toxicity is  based on a subset of components with weaker data



(e.g., this could be related to lower confidence in the common mode of action). They may also



have concerns about confidence for certain exposure routes or endpoints. The developers of the



RPF should note any differences in pharmacokinetics across the class. When PBPK models are



not available and external exposure levels must be used, the assumption for simultaneous



exposures is that the pharmacokinetics are similar across the class or that a rough proportionality



exists between the external exposure and the tissue dose.  However, when the exposures to the



class compounds are sequential, then differences in the pharmacokinetics could result in overlap



of internal doses from the separate exposures. Such information should be described for



consideration by the end user of the RPF. (See previous discussion in Section 4.4.2.3.)



4.4.2.6.  Evaluation of the RPF



The RPF approach should undergo scientific peer review. The review should evaluate the



scientific judgments employed in each step of RPF development as well as issues related to RPF



application. The review should assess the following:



• judgment that a common mode of action is shared by members of class, 



• assignment of class membership,
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• scientific data supporting each of the RPFs,



• consistency of the RPFs across the class for multiple routes or endpoints, 



• the appropriateness of specific limitations pertaining to exposure route or target



organ, and



• application issues.



4.4.2.7.  Research Needs



The RPF approach does not use direct toxicity data on every member of the chemical



class; it is considered to be an interim method, to be replaced by better approaches when the



required data are available. The method most often recommended to replace the RPF (or TEF)



approach is a component-based assessment using actual dose-response data on each chemical in



the class. The resulting approach could be a Hazard Index, which is also based on dose addition,



or a response addition estimate of probabilistic risk, as is common for cancer risk assessments



(Hertzberg et al., 1999; U.S. EPA, 1989).



4.4.3.  Risk Characterization Using RPFs



4.4.3.1.  TEF-Based Assessments



When a mixture exposure is completely described by TEFs, then the mixture risk is



quantitatively determined as if the mixture were solely composed of the index chemical.  Risk



assessments for the various endpoints or target organs are performed in the same manner as for



the index chemical by itself.  The uncertainty characterization, however, will be different,



reflecting the quality of the additivity assumption and of the supporting data used in assigning the



TEFs.



4.4.3.2.  General RPF-Based Assessments



When all chemical class members are assigned single RPFs that represent all effects,



exposure routes, and durations, the mixture risk is based solely on the equivalent exposure level



for the index chemical and is handled similarly to the TEF-based assessment described above. 



When multiple RPFs are deemed necessary for one or more mixture components, e.g., for



different exposure routes or toxic effects, a separate mixture assessment should be developed for



each exposure route or for each major effect or target organ, as appropriate.  These evaluations



are similar to the separate assessments made in the usual HI procedure.



Quantitative mixture risk assessments based on RPFs, even those that satisfy the



requirements for TEFs, are weaker than those assessments based on direct toxicity data. The



uncertainty description is then a key part of the risk characterization.  The discussion of



uncertainties and overall confidence in the risk assessment should characterize the contribution
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of the index chemical to the total predicted equivalent exposure estimate. Similarly, the fractions



of predicted equivalent exposure that result from components that exhibit direct evidence of



human health effects and from the components for which direct toxicity data are available should



also be quantified.  When most of the mixture risk is based on inferred toxicity (e.g., the index



chemical is not present or its presence accounts for only a small fraction of the quantitative risk),



then the assessment should be presented both with and without the risk estimated by RPFs.  (This



is particularly important if there is a large disparity between the index compound and other



members of the class with respect to the quantity, quality, and pertinence of the data set).



Confidence in this approach for a given chemical class must be characterized in the context of



the assessment in which it is utilized.  In this way an assessor's scientific judgment of this



confidence will be factored into the final risk assessment. 



The RPF should be carefully defined as to its underlying limitations, including the



notation that the value obtained is an estimate of exposure, and might not be extended to



quantitative risk assessment.  Analysts applying the RPF should also evaluate evidence for dose



and route extrapolations, including the relevance of toxicologic assays to human health



endpoints.  Of particular importance is that the RPF may not cover all risk or all endpoints, so



that other toxicology information is needed.  In such cases, the discussion should clearly note the



limited coverage of the assessment if based only on such RPFs. 



When the data are judged inadequate to use the above RPF procedures, an approach could



be adopted where all compounds in the class are assumed to be as toxic as the index chemical. 



Adoption of this approach is the numerical equivalent of assigning all components an RPF of 1. 



An opposite approach is to ignore the potential toxicity of the poorly studied chemicals when



assessing the mixture's toxicity (in which case their RPFs would be the numerical equivalent of



0).  Some combination of these two extremes may be the most scientifically appropriate.  For



example, a set of scientific criteria could be determined where some of these members of the



class could be assigned an RPF of 1 and the other members could be assigned an RPF of 0.



For some mixtures there are analytical limitations. Some members of the class that are



present in the chemical mixture may not be identified, but their presence may be inferred from



measures of mass balance. The procedure for including these compounds in the risk assessment



should be clearly defined.



4.4.4.  Hypothetical Example of RPF Approach



The application of RPFs to the estimation of risk from a mixture of compounds that exert



the same toxic effect by similar mode of action can be demonstrated by the following



hypothetical example.  A group of five structurally related chemicals is used as insecticides to



protect against infestations of insects on crops.  This group of chemicals exhibits cholinesterase
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inhibition as its primary toxicologic endpoint of concern.  The chemicals also exhibit a variety of



other effects, but these effects are not shared uniformly across the group and appear to be due



largely to other structural components of the chemicals than those conferring cholinesterase



inhibitory properties.  In particular, one chemical is a carcinogen, another causes kidney lesions,



and three cause nonspecific hepatic hypertrophy at higher doses.  Because of the commonality of



the cholinesterase inhibiting effects, but lack of commonality of other effects, an RPF approach is



judged to be appropriate for combining risk of cholinesterase inhibition from this group of



chemicals.



After determining that there is a regulating need, the first step in developing a set of RPFs



for a group of chemicals is to evaluate the data available for each and identify the chemical



whose data set appears to be the most extensive and that best describes the toxicologic propensity



of the chemicals in question.  In Table 4-6, the information on the five chemicals in question is



summarized.  From this data set, chlorophos was selected as the index compound to which the



other four will be standardized. This selection was made based upon the availability of an



extensive body of data defining the nature of the effects and dose response of the compound in a 



Table 4-6.  Characterization of the toxicologic
properties of five cholinesterase-inhibiting chemicals



Chemical Study ED10



(mg/kg/day)
Test
species



Duration
of critical
study



Data set  characteristics



Alphaphos 1.0 Rat 90 days Poor.  Few poorly documented studies.



Betaphos 10.0 Rat 2 years Good.  Many well-conducted and
documented studies for a broad
spectrum of endpoints in multiple
species.



Chlorophos 0.3 Rat 2 years Extensive.  Many well-conducted and
documented studies for a broad
spectrum of endpoints in multiple
species.  Human confirmation of
relevance of effects.



Ethaphos 0.06 Dog 1 week Good.   Many well-conducted and
documented studies for a broad
spectrum of endpoints.



Deltaphos 1.5 Human 24 hours Limited.  Few studies but well-
conducted.
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 number of species, and clearly relating the effects in test species to humans.  The data sets for



the other compounds were not as extensive or well documented.  In one case, only a few poor-



quality dose-response studies were available, although they provided an acceptable basis for



calculating an RPF. (Despite their limitations, these studies were judged to be useful for the



development of the RPF. They were judged to provide a better basis for assessing risk than the



use of other simple assumptions such as the toxicity of these compounds is equal to the index



compound, i.e., RPF = 1, or their toxicity is negligible, i.e., RPF = 0.)  The data sets for each



compound must next be evaluated to determine the critical study and effect levels that will be



used for calculating the RPF.  Often, this may be the same as the basis for the RfD.



Using chlorophos as the index compound, the RPF for each of the chemicals can be



calculated.  This can be done by dividing the ED10 (U.S. EPA, 1996e) for the critical study of



chlorophos by the ED10 derived from the critical study for each compound.  The results of this



calculation for the example data are presented in Table 4-7.



In the example provided, the goal of the assessment is to determine the total risk of



cholinesterase inhibition due to these five compounds in foods as result of their use as



insecticides on crops.  Data on the concentrations of each of the chemicals in foods are available



and are also presented in Table 4-7.  However, the information is compound specific and cannot



be directly combined. Using the calculated RPFs, the exposures for each of the chemicals are 



Table 4-7.  Relative potency factors and equivalent exposures for five
cholinesterase-inhibiting chemicals



Chemical Study ED10  
(mg/kg/day)



Relative
potency factor



Exposure 
(mg/kg/day)



Chlorophos equivalent
exposure (mg/kg/day)



Alphaphos 1.0 0.3 0.15 0.05



Betaphos 10. 0 0.03 0.02 6E-4



Chlorophos 0.3 1 0.25 0.3



Ethaphos 0.0 6 5 0.05 0.3



Deltaphos 0.1 5 2 0.15 0.3



Total    0.95



Percentage of RPF - predicted toxicity associated
with the index compound  



 
32 %
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normalized to chlorophos-equivalent exposures.  These exposures can then be combined and



compared to a chlorophos-based regulatory endpoint such as an RfD.



A number of simplifying assumptions and issues are evident in this example:



• The first is that the points of departure (here, ED10) for the dose-response curves



of the five chemicals in question are the most significant in determining their



relative behavior.  This assumes that the slope and shape of each curve will not be



of significance because exposures will generally be low, and the accompanying



effects will occur below or near the points of departure for each chemical.



• Another issue is that the studies used in calculating the RPFs were conducted in



more than one species.  The example provided combines these data assuming that



interspecies differences will not be of concern.  This assumption should be



assessed in selecting appropriate data for calculating RPFs to ensure that 



interspecies differences do not bias the outcome of the assessment.  Where



interspecies variability is marked, all the RPFs should be calculated using data



from a single species to the extent possible.



• The durations of the studies used in the example to calculate RPFs were different,



ranging from a single day to 2 years.  This example assumes that the effects of



concern (or the exposures) are not cumulative over time.  Where there is evidence



that effects are cumulative, studies used for calculating RPFs should be of similar



duration.



• If the risk manager is interested in potential effects of exposures to these



compounds other than cholinesterase inhibition (e.g., carcinogenicity,



nephrotoxicity, and hepatotoxicity), then a separate assessment needs to be



developed.



4.5.  RESPONSE ADDITION



4.5.1.  Background



Response addition is usually applied when the mixture components are assumed to be



toxicologically independent (see Section 4.1.1.2) and when exposure to one chemical has no



influence on the likelihood or extent of toxicity caused by a second chemical.  Such a condition



is highly dependent on the exposure levels and may also depend on the route of exposure.  The



following discussion assumes that information supporting toxicological independence is



available for the exposure scenario being assessed or that the extrapolation is justified.  



When two chemicals cause different kinds of toxicity, or induce effects in different



organs, they may be candidates for response addition, where the responses as probabilities of



toxic effects are combined.  There are two applications of response addition with somewhat
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different calculations: likelihood of an individual showing toxic effects (see Section 4.5.2), and



the proportion of a population showing toxic effects (see Section 4.5.3).  Because the population



aspect is different from the physiological independence discussed earlier, both issues need to be



addressed when assessing population risk.  A key concept with both applications is functional



independence: whether exposure to chemical A has any influence on the toxicity produced by



exposure to chemical B. 



For joint exposures to one individual, the concern is whether the two chemicals cause



toxicity by different processes, such as different target organs or different modes of action in the



same organ.  The response measure must be the probability of a specific toxic effect.  When



applied to an individual, the assumption for response addition is that the two chemicals produce



toxicity independently. 



For joint exposures to a population, a different issue is whether the chemicals cause



toxicity to the same proportion of the population (U.S. EPA, 1990).  The tolerance distribution



for chemical A shows the proportion of individuals responding as the exposure level of A



increases. For example, consider the simplest mixture of only two chemicals.  If the two



chemicals' tolerance distributions are perfectly correlated, then the ordering of individual



sensitivities is the same for both chemicals, i.e., the individual most sensitive to chemical A is



also most sensitive to chemical B.  The most toxic chemical then produces the toxic response



first in any of the individuals exposed.  Although the severity of the toxicity may be exacerbated



by the second (less toxic) chemical, the number of individuals responding is determined only by



the most toxic chemical. This issue and the limitations in addressing population risk based on



correlations of tolerance distributions are discussed more fully in Section 4.5.3.



Few empirical studies have evaluated response addition in any depth, but the concepts



they address suggest possible research directions.  Of the few studies at low exposure levels that



have modeled joint toxic effects as probabilities, most consider cancer, obviously influenced by



the much wider availability of response data for cancer when compared to other kinds of toxicity.



In a conceptual investigation of the performance of both the multistage model and the two-stage



clonal expansion model for carcinogenesis, assuming an experiment using a balanced 2 × 2



design with 50 animals per dose group and a strong synergistic interaction, NRC (1988, p. 193)



concluded that if the exposure to one or both agents is lowered by two orders of magnitude from



the experimental doses, the assumption of response additivity “is reasonably good” in predicting



the true mixture response.



Gibb and Chen (1986) also considered implications of the multistage model.  They



showed that at low doses, the risks are additive for carcinogens acting on the same stage, whereas



the hazard functions are multiplied when calculating risks for carcinogens acting on different



stages.  Brown and Chu (1988) show for the multistage model that partial lifetime exposures to
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two carcinogens lead to roughly additive relative risks.  For the two-stage clonal expansion



model, Kodell et al. (1991) argue that “. . .the mixture risk is roughly additive at low doses. . . .”



The primary requirements for response addition are the availability of data on population



fraction or percent response, and the assumption of functional independence.  The other major



assumptions often used by EPA, the assumption of no threshold dose, low-dose linearity, and



interspecies scaling by body allometry, are not relevant to the premise of independence, although



they certainly may play a role in estimating the magnitude of an interaction.  To simplify the



discussion, the following will address the case of the binary mixture, i.e., chemicals A and B.



4.5.2.  Individual Toxicity



When an individual is exposed to two chemicals, A and B, there is the potential for A to



affect the toxicity of B, and vice versa.  When the toxicity of each chemical is totally described



by its own exposure level, the two chemicals are said to be independent. The interpretation is that



chemicals A and B may cause some toxicity in the individual, but the presence of A (and its



toxicity) has no influence on the toxicity of B, and similarly, B has no influence on the toxicity of



A.  In this context, the two concepts of functional (or physiological) independence and statistical



independence are consistent. 



In the case where the toxicity of the two chemicals is the same type, say abnormal liver



function, then the estimated mixture response may be expressed in terms of general abnormal



liver function.  At high doses, there may be physiological interactions between two different



toxicities. At low doses, especially when the affected tissues are physically separated and only a



small fraction of the tissue is damaged, the assumption of independence may hold.  As shown by



Feron et al. (1995), toxicity within the same target organ but of different modes of action may



indicate independent processes (response addition) or similar processes (dose addition), or even



some intermediate characterization. 



When the component effects are of minor severity, independence for different modes of



action seems plausible.  One must be cautious about assuming independence in the same target



organ and then concluding that two minor effects are minor in the aggregate.  If an organ is



compromised twice, its function may be worse than from exposure to either chemical alone. 



When information is lacking on joint effects in the same organ, a conservative approach is to



assume dose addition.



Independence in quantitative risk assessment is often used when determining the



probability of an adverse effect from exposure to multiple chemicals.  If the toxicity measure is
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p  =  1  -  (1  -  p )* (1  -  p )m 1 2



p (d  d ) =  p (d ) +  p (d ) -  p (d ) * p (d )m 1, 2 1 1 2 2 1 1 2 2



p  =  1  -  (1  -  p  )* (1  -  p  )* (1  -  p  )* . . .m 1 2 3



the probability of an individual incurring toxic damage, then independence can be expressed by



the probabilistic definition:



(4-19)



where pm is the expected response from exposure to the mixture, and p1 and p2 are the responses



from exposure to chemicals A and B, respectively.  This equation says that the response to the



mixture (caused by chemical A or B) is 1 minus the probability of not responding to either



chemical. Expanding the right-hand side and including the exposure levels d1 and d2 for



chemicals A and B, respectively, one obtains: 



(4-20)



In general, the formula is:



(4-21)



or in more compact notation:



(4-22)p 1 (1 p )m i
i 1



n



= − −
=



∏



The product on the right-hand side is the probability under independence of not responding to



any of the chemicals.  The second form of the formula (Equation 4-22) then clearly shows that



the probability of responding to the mixture is just 1 minus the probability of not responding to



any of the component chemicals.



Example.  Applying this to a large number of chemicals (40), each posing a very small



risk (3 × 10-5),



No. of chemicals 40



Single-chemical risk 3 × 10-5 



Mixture risk 1 - (1 - 3 × 10-5 )40 =  1 × 10-3



4.5.3.  Population Toxicity



The dose-response assessment is different when considering the entire population of



exposed individuals.  The risk is often then presented as the percent responding in the population. 



Independence is not a matter of physiological interactions within an individual, but is based on



the correlation of tolerances for the two chemicals (see U.S. EPA, 1990, for an extended
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p  =  p    if  r = 1  a n d  p  <  pm 2 1 2



p  =  m in (p  +  p ,  1 )   if  r  =  - 1m 1 2  



p  =  p  +  p   -   (p  p  )    if  r  =  0m 1 2 1 2



discussion).  The tolerance distribution for any given chemical is the proportion of people



responding as the exposure level of that chemical increases. 



For exposure to two chemicals, A and B, the ordering of the individual sensitivities to



chemical A is the same as the ordering for chemical B, then the tolerances for the two chemicals



are perfectly correlated (r = 1), and the most toxic chemical will elicit the response first:



(4-23)



If, on the other hand, the individual least sensitive to chemical A is most sensitive to chemical B,



and so on throughout the range of sensitivity, then the chemicals have perfect negative



correlation (r = -1) of tolerances, and the mixture response is:



(4-24)



When the correlation is zero (r = 0), i.e., the ordering of the individuals showing toxic



effects from chemical A has no apparent relationship with the individuals showing toxic effects



from chemical B, then the two chemicals are said to act independently on the population.  We



then have the familiar model for statistical independence:



(4-25)



Equation 4-25 is the same model described above for toxicologic independence in a single



exposed individual.



The response-addition formula for populations has limited use in risk assessment.  First, it



is more complicated than the formula for the individual, because the tolerance correlation can be



any value from -1 to +1, and so requires more detailed data on the exposed population of



concern.  In addition, the concepts of tolerance correlation only work well if there are two



chemicals in the mixture.  For example, if a mixture has three chemicals, then the correlation of



tolerances must consider the three possible pairs of chemicals.  No methods have been found for



using pairwise tolerance correlations in higher complexity mixtures.  Also, some correlation



values cannot be applied to three or more chemicals.  For example, tolerances of three chemicals



cannot all be negatively correlated with each other.  The well-studied cases using tolerance



correlations are those discussed in this section.  Consequently, response addition for populations



is not further developed in this guidance document.
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p  = (d ,  d , . . . ) = p (d ) + p (d )+ . . .S U M 1 2 1 1 2 2



4.5.4.  Application



Response addition is easily misinterpreted because of the appearance of accuracy and



precision given by the use of numbers to represent the risk of toxic effects.  In contrast, it is



hoped that the HI is less likely to be over interpreted because it only indicates a rough level of



concern, not a probability or population count.  Errors may arise from improper use of response



addition because of a lack of independence.  With a mixture of a large number of chemicals, it is



particularly easy to overlook the influence of a poor-quality response estimate. Mixture



assessments based on response addition must include quality descriptions for each component's



response estimate.



For single-chemical responses p1 , p2 , ..., response addition applied to the risk to an



individual is often approximated by the simple summation:



(4-26)



For mixtures of a few chemicals and very small p, this approximation may be acceptable.  For



mixtures with a large number of component chemicals or chemicals whose response is not small,



the full independence formula (Equation 4-21) should be used.  For example, with a simple



mixture of only 16 chemicals, if each has a response of 0.02, the relative error is 16% (sum in



Equation 4-26 gives 0.32, true response from Equation 4-21 is 0.28).  Because of the availability



of computers, the full formula (Equation 4-21) is easily implemented and should be used. 



The other concern with a large number of chemicals in the mixture is that one poorly



studied chemical may dominate the response estimate.  An excessive response estimate could



arise from improper statistical analysis or toxicological procedures employing highly sensitive



animal species.  Similar factors could also lead to response estimates that are too low, often



caused by lack of statistical power in the study design.  In all cases, the risk characterization



should highlight any chemicals whose supporting information is poor, and should attempt to



characterize the numerical uncertainty caused by the poor information.  For example, if only one



chemical has a highly uncertain response estimate, the mixture assessment can be calculated with



and without the suspect chemical.



For minor toxic effects, the different effects are unlikely to interact, so the response



addition formula (Equation 4-21) is probably adequate.  One mixture response could then be



estimated for all renal toxicity, with another estimated for all hepatic toxicity.  The mixture



assessment could then result in several separate response addition estimates, one per effect or



target organ.  For levels causing moderate toxicity, there is insufficient information to allow



predictions of the likelihood of physiological interactions between affected target organs.  For



high-exposure estimates, additive formulas are not generally recommended because of the higher
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likelihood of toxicologic interactions (e.g., in the same tissue) among component chemicals in



the mixture as well as physiological interactions among the various affected target organs.



For low exposure levels, e.g., near the individual chemical NOAELs from well-designed



studies, toxicologically dissimilar chemicals are not generally expected to interact toxicologically



or physiologically, and can be assumed to be functionally independent.  For the special case



where all component chemicals have RfDs or RfCs and the exposure levels of dissimilar



components are well below their respective RfDs or RfCs, the risk of toxicity can usually be



assumed to be negligible. 



Example.  Consider an oral exposure to three toxicologically independent chemicals, each



close to but below its RfD.  The following calculations result:



Chemical Exposure RfD Risk
A 13 16   0



 B   7   8 0
 C 22 24 0



Mixture risk  =  0



In this example, 0 is used to denote a risk that is either subthreshold (a true zero risk) or small



enough to be generally considered virtually safe.  In general, this kind of rough evaluation should



be limited to mixtures with a small number of chemical components.  When the number of



chemicals in the mixture is large, even when all individual exposures are below their RfDs, the



toxicity data should be carefully examined to ensure that all effects and modes of action are being



considered when deciding functional independence.  As the information becomes more uncertain,



such as with poor-quality RfDs or exposure estimates, any conclusion of negligible risk is



similarly uncertain and consideration should be given to obtaining better information. 



4.5.5.  Use of Upper Bound Response Estimates



The practice of assessing cancer risk for a mixture has usually involved applying response



addition to the lifetime excess cancer risk values available for the individual chemicals (U.S.



EPA, 1986).  The common values generated by EPA are those available on the IRIS database. 



Currently, most of the IRIS values for carcinogenic potency are for single chemicals and are



considered plausible upper bounds to the actual lifetime excess cancer risk.  Use of such values



raises the concern that applying response addition to upper bounds will lead to unreasonably high



estimates of the actual upper bound on mixture risk.  The available studies, summarized below,



suggest that for most mixtures of a few components, the risk estimates are not overly



conservative.
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Chen et al. (1990) and Kodell and Chen (1994) derive mathematical expressions for the



upper limit on mixture risk, but the procedures require intensive computations.  Gaylor and Chen



(1996) extend this discussion and derive a simple approximation to the upper limit on the



mixture risk that can be more appropriate than the simple summing of component upper bounds. 



The numerical consequences of Kodell and Chen (1994) suggest that the error in the simple



addition of component upper bounds is small compared to other uncertainties.  For example, a



hypothetical example of four chemicals showed that the largest error from using the simple sum



of upper bounds occurred when all chemicals were roughly equal contributors to the mixture risk. 



Their proposed method for the upper 95% confidence bound of a two-chemical mixture reduced



the conservatism, but only slightly.  Their mixture upper bound was 4.3 × 10-7, whereas the



simple sum of the component upper bounds was 4.9 × 10-7.



Cogliano (1997) approached the question of summing upper bounds of mixture



components’ risks in two ways: (1) whether the sum yields an improbable estimate of overall risk



(that is, is it only remotely possible for the true sum of risks to match the sum of upper bounds),



and (2) whether the sum gives a misleading estimate (that is, is the true sum of risks likely to be



very different from the sum of upper bounds).  Analysis of several case studies showed that as



the number of mixture components increases, summing their upper bounds yields an improbable,



but not misleading, estimate of the overall risk.  Thus, although the confidence attached to the



mixture bound may exceed the confidence levels for the component chemicals, the actual



mixture risk estimate (i.e., its magnitude) is not excessively high.  Cogliano concludes that



simple sums of upper bounds are a good approximation of the overall risk and can be adjusted



downward (e.g., by dividing by 2) to give a more plausible upper bound, or even a central



estimate of overall risk.



These two measures of overconservatism, the estimate and the confidence level, are also



discussed in Cullen (1994).  In contrast to Cogliano’s results for sums of upper bounds, Cullen



showed substantial overconservatism for products of upper bounds.



4.5.6.  Qualitative Judgments of Interaction Potential



Response addition may work well for many mixtures at very low doses with components



affecting different target organs.  Other mixtures, even at low doses, may show evidence of



toxicologic interaction.  In the example method described in this section, the key assumption is



that interactions in those mixtures can be adequately represented as departures from response



addition.  The method follows an obvious approach: to begin with the response addition formula,



and then modify its estimate to reflect the interaction results.  Although several studies describe



toxicologic interaction as a departure from response addition (e.g., changes from the predicted



LD50), few studies quantify interaction, and even fewer quantitatively describe the dose
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dependence of the interaction.  Consequently, for an approach to be able to use available data,



some qualitative procedure is needed for judging the impact of the potential toxicologic



interactions. 



Carcinogen interactions are the basis for the example method that follows (Section



4.5.6.1, Equation 4-27).  The modeling of carcinogenic interactions is in an early stage of



development.  Consequently, the following method is not currently recommended as a



quantitative method for adjusting the mixture risk estimate.  It should be considered as a possible



approach to a qualitative description of the interactions in a mixture.  Because of the dominance



of binary mixtures in interaction studies, only pairwise interactions are included in the example



method.  A tacit assumption is that higher order interactions are relatively minor compared to



binary interactions.  



Response addition of known carcinogens may give incorrect risk estimates for



multichemical exposure when toxicologic interactions are present.  These interactions can



enhance or inhibit the cancer potency or the growth or progression of altered cells.  Chemicals



with individually weak evidence of carcinogenicity may, in combination, show strong potential



to initiate tumors.



The best example of human data on carcinogen interactions can be found from



epidemiologic data on mortality from lung cancer in workers with exposure to cigarette smoke



and/or asbestos.  Hammond et al. (1979) noted that in comparison with the lung cancer death



rates for nonsmokers who did not have occupational exposure to asbestos, the death rate was



5.17 times higher for asbestos workers who did not smoke, 10.85 times higher for smokers who



did not work with asbestos, and 53.24 times higher for smokers who worked with asbestos. 



These data indicate that death rate from lung cancer is approximately 10 times higher for



asbestos workers who smoke than those who do not (Mukerjee and Stara, 1981).  Under response



addition, where the two exposures are assumed to be independent causes of lung cancer, the



expected response from the joint exposure was 169.7 lung cancer deaths per 100,000 man-years



exposure, yet the observed response was 601.6 per 100,000.  Note that the exposure levels in this



example are much higher than usual ambient environmental exposures, so other instances of



synergism between carcinogenic chemicals may be much less pronounced.



This synergism between asbestos and smoking is commonly described as an example of a



multiplicative interaction (Mukerjee and Stara, 1981).  This term is used because when the



numerators in the single substance death rates are multiplied, the product is roughly equal to the



numerator in the death rate for the combination (i.e., 5.17 × 10.85 is roughly equal to 53.24). 



The risks, however, are not multiplied, and there seems to be no biological process that can



motivate such a multiplication of death rate numerators.  Similarly, Kodell and Pounds (1991)



note that the “multiplicative model of relative risk does not have a corresponding null model in
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pharmacology/toxicology studies.”  As discussed by Greenland and Rothman (1998), there are



several definitions of interaction used in toxicology, statistics, and epidemiology, and their



interpretations vary by use as well as by the scale of the effect measure.  This variety of



definitions and their comparative analyses is beyond the scope of this document, but should be



addressed by future efforts.



When interactions have been noted, the goal of risk estimation is to include carcinogenic



interactions quantitatively in the mixture risk assessment.  The currently available animal



database on carcinogen interactions, and in particular on promoters, is not sufficient for



recommending a general approach for their risk assessment.  For example, the slope factor for a



carcinogen is estimated using cancer incidence data in an animal bioassay.  The data on



promotion action suitable for estimating the slope factor are either incomplete or nonexistent. 



Most of the animal data on promoters are on the increase in the number of papillomas or on



shortening of the time to tumor.  Accordingly, in the absence of an adequate database, the



individual cancer response of various constituents present in the mixture should be combined



using response-addition to estimate the  response of carcinogen mixtures with promotion



activities.  This response-additive default approach can be followed by incorporation of a



correction for interaction effects if any deviation from additivity is noted.  For the interim period



until the adequate database is available in the scientific literature, only qualitative approaches are



recommended.  In the example method described below for estimating carcinogenic risk of



mixtures (Woo et al., 1995b), qualitative judgments of the interaction potential are used to



modify a relative ranking of the mixture based on carcinogenic risk. 



4.5.6.1.  Use of Interaction Data on Carcinogens



For known or suspected human carcinogens, past practice at EPA has been to assume



low-dose linearity in deriving quantitative risk estimates for environmental levels of materials. 



This has involved the application of mathematical models to animal bioassay or human data and



the derivation of a slope factor, usually the upper bound on a low-dose linear term from a



multistage model.  The recently proposed revisions to the Guidelines for Carcinogen Risk



Assessment (U.S. EPA, 1996a) substantially alter this procedure.  Under the Proposed



Guidelines, dose-response assessment and hazard identification rely on consideration of the



likely mode of action of the agent in question.  Data of various types relating to mode of action



are used to inform decisions as to the shape of dose-response curves and appropriate low-dose



extrapolation.  In all cases a two-step approach is taken to dose-response assessment.  In the first



step, data in the observed range are modeled using a biologically based model (if applicable) or



curve-fitting procedure.  The observed range can be extended through use of appropriate



information, not limited to animal or human cancers from long-term studies.  In the second step,
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decisions are taken as to type of low-dose extrapolation.  For materials for which a hypothesis of



low-dose linearity can apply, a straight line is drawn from a reasonable point of departure from



the low end of the observed range through the origin (default approach); the slope of the line



serves as the slope factor or unit risk.  If it is judged that the mode-of-action data supports low-



dose nonlinearity, a margin of exposure would be calculated using the lower end of the observed



range as the point of departure.



There are many opportunities for interactions among carcinogens and between



carcinogens and modifiers.  There have been many reported instances of antagonism, inhibition,



synergism, and promotion/co-carcinogenesis.  These cannot currently be incorporated



quantitatively into the cancer risk estimate for a mixture using any validated process.  It is



recommended that the risk assessor provide a qualitative discussion of potential for interaction



among carcinogens or between carcinogens and noncarcinogens contributing to the overall



carcinogenic process of the mixture.



There are several databases that provide information on interactions for chemical pairs



tested in carcinogenicity or related bioassays.  Information on binary mixtures of carcinogens can



be found in Arcos et al. (1988), on carcinogens and inhibitors in Bagheri et al. (1988/89), and on



carcinogens and promoters in Rao et al. (1989).  Information from these three sources has been



combined into a computerized system called the Integral Search System (ISS).



This system, described in Woo et al. (1994), can be used to evaluate the potential for



interactions between members of chemical pairs to affect cancer risk.  This paper also describes a



procedure for calculating an interaction weighting ratio or “hazard modification” component.  An



outline of this approach is presented below as an example of a published methodology that seeks



to quantify the potential influence of interactions in carcinogenic mixtures.  At this time, the



outline is not recommended for quantitative risk assessment but can be further explored as a tool



for qualitatively characterizing the potential influence of the interactions.



Woo et al. (1994) calculate (by response addition) a value by which they describe the



“inherent hazard” of the mixture, an estimate of its carcinogenic potential.  They then generate all



possible binary pairs of chemicals in the mixture and search the databases for interaction “hits”



or reported instances of interactions, which may either enhance (synergism, promotion/cocar-



cinogenesis) or reduce (antagonism, inhibition) carcinogenic potential.  The authors also infer



interactions for pairs not in their databases by using a mathematical procedure based on



association with chemical classes of structurally or functionally related chemicals.  Information



on both inferred and reported interactions is used in the calculation of the weighting ratio (WR),



which is given by the following formula:
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(4-27)



where p, q, r, and s are “hazard-modification effectiveness coefficients” that reflect the



effectiveness of the four types of combination effects to modify the carcinogenicity of chemicals:



HSyn = observed plus inferred instances of synergism between chemical pairs in
the mixture,



HPro = observed plus inferred instances of promotion between chemical pairs in
the mixture,



HAnt = observed plus inferred instances of antagonism between chemical pairs in
the mixture, and



HInh = observed plus inferred instances of inhibition between chemical pairs in
the mixture.



The authors give numerical values for the “hazard-modification effectiveness coefficients” based



both on their scientific judgment and on inspection of the combination effects literature



encompassed in their databases.  A WR of 1 would suggest that the additivity assumption is



reasonable.  A high or low WR would suggest that the overall interaction tends to deviate from



additivity with a predominant hazard-enhancing or hazard-reducing interaction effect,



respectively.



This methodology does not have the full formality of the interaction-based HI approach



described in Section 4.3.  Furthermore, it is not applied to the common unit risk or its



counterpart.  It is based on a particular literature database and may not generalize to other



chemical classes.  The potential of this and other approaches to risk assessment that incorporate



toxicologic interaction is discussed more fully in Section 2.7, Future Directions.
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DISCLAIMER



This document has been reviewed in accordance with U.S. Environmental Protection



Agency policy and approved for publication.  Mention of trade names or commercial products



does not constitute endorsement or recommendation for use.



Note:  This document represents the final guidelines.  A number of editorial corrections have



been made during conversion and subsequent proofreading to ensure the accuracy of this



publication.
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GUIDELINES FOR THE HEALTH RISK ASSESSMENT OF CHEMICAL MIXTURES



[FRL-2984-2]



AGENCY: U.S. Environmental Protection Agency (EPA).



ACTION: Final Guidelines for the Health Risk Assessment of Chemical Mixtures.



SUMMARY: The U.S. Environmental Protection Agency is today issuing five guidelines for



assessing the health risks of environmental pollutants.  These are: 



Guidelines for Carcinogen Risk Assessment



Guidelines for Estimating Exposures



Guidelines for Mutagenicity Risk Assessment



Guidelines for the Health Assessment of Suspect Developmental Toxicants



Guidelines for the Health Risk Assessment of Chemical Mixtures



This notice contains the Guidelines for the Health Risk Assessment of Chemical



Mixtures; the other guidelines appear elsewhere in today’s Federal Register.



The Guidelines for the Health Risk Assessment of Chemical Mixtures (hereafter



“Guidelines”) are intended to guide Agency analysis of information relating to health effects data



on chemical mixtures in line with the policies and procedures established in the statutes



administered by the EPA.  These Guidelines were developed as part of an interoffice guidelines



development program under the auspices of the Office of Health and Environmental Assessment



(OHEA) in the Agency’s Office of Research and Development.  They reflect Agency



consideration of public and Science Advisory Board (SAB) comments on the Proposed



Guidelines for the Health Risk Assessment of Chemical Mixtures published January 9, 1985 (50



FR 1170).



This publication completes the first round of risk assessment guidelines development. 



These Guidelines will be revised, and new guidelines will be developed, as appropriate.



EFFECTIVE DATE:  The Guidelines will be effective September 24, 1986.



FOR FURTHER INFORMATION CONTACT:  Dr. Richard Hertzberg, Waste Management



Division, U.S. Environmental Protection Agency, Atlanta Federal Center, 100 Alabama St., SW,



Atlanta, GA 30303-3104, TEL: 404-562-8663.
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SUPPLEMENTARY INFORMATION:  In 1983, the National Academy of Sciences (NAS)



published its book entitled Risk Assessment in the Federal Government:  Managing the Process. 



In that book, the NAS recommended that Federal regulatory agencies establish “inference



guidelines” to ensure consistency and technical quality in risk assessments and to ensure that the



risk assessment process was maintained as a scientific effort separate from risk management.  A



task force within EPA accepted that recommendation and requested that Agency scientists begin



to develop such guidelines.



General



The guidelines published today are products of a two-year Agencywide effort, which has



included many scientists from the larger scientific community.  These guidelines set forth



principles and procedures to guide EPA scientists in the conduct of Agency risk assessments, and



to inform Agency decision makers and the public about these procedures.  In particular, the



guidelines emphasize that risk assessments will be conducted on a case-by-case basis, giving full



consideration to all relevant scientific information.  This case-by-case approach means that



Agency experts review the scientific information on each agent and use the most scientifically



appropriate interpretation to assess risk.  The guidelines also stress that this information will be



fully presented in Agency risk assessment documents, and that Agency scientists will identify the



strengths and weaknesses of each assessment by describing uncertainties, assumptions, and



limitations, as well as the scientific basis and rationale for each assessment.



Finally, the guidelines are formulated in part to bridge gaps in risk assessment



methodology and data.  By identifying these gaps and the importance of the missing information



to the risk assessment process, EPA wishes to encourage research and analysis that will lead to



new risk assessment methods and data.



Guidelines for Health Risk Assessment of Chemical Mixtures



Work on the Guidelines for the Health Risk Assessment of Chemical Mixtures began in



January 1984.  Draft guidelines were developed by Agency work groups composed of expert



scientists from throughout the Agency.  The drafts were peer-reviewed by expert scientists in the



fields of toxicology, pharmacokinetics, and statistics from universities, environmental groups,



industry, labor, and other governmental agencies.  They were then proposed for public comment



in the Federal Register (50 FR 1170).  On November 9, 1984, the Administrator directed that



Agency offices use the proposed guidelines in performing risk assessments until final guidelines



became available.



After the close of the public comment period, Agency staff prepared summaries of the



comments, analyses of the major issues presented by the commentators, and preliminary Agency
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responses to those comments.  These analyses were presented to review panels of the SAB on



March 4 and April 22-23, 1985, and to the Executive Committee of the SAB on April 25-26,



1985.  The SAB meetings were announced in the Federal Register as follows:  February 12, 1985



(50 FR 5811), and April 4, 1985 (50 FR 13420 and 13421).



In a letter to the Administrator dated June 19, 1985, the Executive Committee generally



concurred on all five of the guidelines, but recommended certain revisions and requested that any



revised guidelines be submitted to the appropriate SAB review panel chairman for review and



concurrence on behalf of the Executive Committee. As described in the responses to comments



(see Part B:  Response to the Public and Science Advisory Board Comments), each guidelines



document was revised, where appropriate, consistent with the SAB recommendations, and



revised draft guidelines were submitted to the panel chairmen.  Revised draft Guidelines for the



Health Risk Assessment of Chemical Mixtures were concurred on in a letter dated August 16,



1985.  Copies of the letters are available at the Public Information Reference Unit, EPA



Headquarters Library, as indicated elsewhere in this notice.



Following this Preamble are two parts:  Part A contains the Guidelines and Part B the



Response to the Public and Science Advisory Board Comments (a summary of the major public



comments, SAB comments, and Agency responses to those comments).



The SAB requested that the Agency develop a technical support document for these



Guidelines.  The SAB identified the need for this type of document due to the limited knowledge



on interactions of chemicals in biological systems.  Because of this, the SAB commented that



progress in improving risk assessment will be particularly dependent upon progress in the science



of interactions.



Agency staff have begun preliminary work on the technical support document and expect



it to be completed by early 1987.  The Agency is continuing to study the risk assessment issues



raised in the guidelines and will revise these Guidelines in line with new information as



appropriate.



References, supporting documents, and comments received on the proposed guidelines, as



well as copies of the final guidelines, are available for inspection and copying at the Public



Information Reference Unit (202-382-5926), EPA Headquarters Library, 401 M Street, SW,



Washington, DC, between the hours of 8:00 a.m. and 4:30 p.m.



I certify that these Guidelines are not major rules as defined by Executive Order 12291,



because they are nonbinding policy statements and have no direct effect on the regulated











A-ix



community.  Therefore, they will have no effect on costs or prices, and they will have no other



significant adverse effects on the economy.  These Guidelines were reviewed by the Office of



Management and Budget under Executive Order 12291.



____________________                             ________________________________________



Dated:  August 22, 1986                              Signed by EPA Administrator



                                                  Lee M. Thomas
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PART A:  GUIDELINES FOR THE HEALTH RISK ASSESSMENT OF CHEMICAL



MIXTURES



1.  INTRODUCTION



The primary purpose of this document is to generate a consistent Agency approach for



evaluating data on the chronic and subchronic effects of chemical mixtures.  It is a procedural



guide that emphasizes broad underlying principles of the various science disciplines (toxicology,



pharmacology, statistics) necessary for assessing health risk from chemical mixture exposure. 



Approaches to be used with respect to the analysis and evaluation of the various data are also



discussed.



It is not the intent of these Guidelines to regulate any social or economic aspects



concerning risk of injury to human health or the environment caused by exposure to a chemical



agent(s).  All such action is addressed in specific statutes and federal legislation and is



independent of these Guidelines.



While some potential environmental hazards involve significant exposure to only a single



compound, most instances of environmental contamination involve concurrent or sequential



exposures to a mixture of compounds that may induce similar or dissimilar effects over exposure



periods ranging from short-term to lifetime.  For the purposes of these Guidelines, mixtures will



be defined as any combination of two or more chemical substances regardless of source or of



spatial or temporal proximity.  In some instances, the mixtures are highly complex, consisting of



scores of compounds that are generated simultaneously as byproducts from a single source or



process (e.g., coke oven emissions and diesel exhaust).  In other cases, complex mixtures of



related compounds are produced as commercial products (e.g., PCBs, gasoline and pesticide



formulations) and eventually released to the environment.  Another class of mixtures consists of



compounds, often unrelated chemically or commercially, which are placed in the same area for



disposal or storage, eventually come into contact with each other, and are released as a mixture to



the environment.  The quality and quantity of pertinent information available for risk assessment



varies considerably for different mixtures.  Occasionally, the chemical composition of a mixture



is well characterized, levels of exposure to the population are known, and detailed toxicologic



data on the mixture are available.  Most frequently, not all components of the mixture are known,



exposure data are uncertain, and toxicologic data on the known components of the mixture are



limited.  Nonetheless, the Agency may be required to take action because of the number of



individuals at potential risk or because of the known toxicologic effects of these compounds that



have been identified in the mixture.
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The prediction of how specific mixtures of toxicants will interact must be based on an



understanding of the mechanisms of such interactions.  Most reviews and texts that discuss



toxicant interactions attempt to discuss the biological or chemical bases of the interactions (e.g.,



Klaassen and Doull, 1980; Levine, 1973; Goldstein et al., 1974; NRC, 1980a; Veldstra, 1956;



Withey, 1981).  Although different authors use somewhat different classification schemes when



discussing the ways in which toxicants interact, it generally is recognized that toxicant



interactions may occur during any of the toxicologic processes that take place with a single



compound:  absorption, distribution, metabolism, excretion, and activity at the receptor site(s). 



Compounds may interact chemically, yielding a new toxic component or causing a change in the



biological availability of the existing component.  They may also interact by causing different



effects at different receptor sites.



Because of the uncertainties inherent in predicting the magnitude and nature of toxicant



interactions, the assessment of health risk from chemical mixtures must include a thorough



discussion of all assumptions.  No single approach is recommended in these Guidelines.  Instead,



guidance is given for the use of several approaches depending on the nature and quality of the



data.  Additional mathematical details are presented in Section 4.



In addition to these Guidelines, a supplemental technical support document is being



developed which will contain a thorough review of all available information on the toxicity of



chemical mixtures and a discussion of research needs.



2.  PROPOSED APPROACH



No single approach can be recommended to risk assessments for multiple chemical



exposures.  Nonetheless, general guidelines can be recommended depending on the type of



mixture, the known toxic effects of its components, the availability of toxicity data on the



mixture or similar mixtures, the known or anticipated interactions among components of the



mixture, and the quality of the exposure data.  Given the complexity of this issue and the relative



paucity of empirical data from which sound generalizations can be constructed, emphasis must



be placed on flexibility, judgment, and a clear articulation of the assumptions and limitations in



any risk assessment that is developed.  The proposed approach is summarized in Table 1 and



Figure 1 and is detailed below.  An alphanumeric scheme for ranking the quality of the data used



in the risk assessment is given in Table 2.



2.1.  DATA AVAILABLE ON THE MIXTURE OF CONCERN



For predicting the effects of subchronic or chronic exposure to mixtures, the preferred



approach usually will be to use subchronic or chronic health effects data on the mixture of 
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Table 1.  Risk assessment approach for chemical mixtures



1. Assess the quality of the data on interactions, health effects, and exposure (see Table 2).
a. If adequate, proceed to Step 2.
b. If inadequate, proceed to Step 14.



2. Health effects information is available on the chemical mixture of concern.
a. If yes, proceed to Step 3.
b. If no, proceed to Step 4.



3. Conduct risk assessment on the mixture of concern based on health effects data on the
mixture.  Use the same procedures as those for single compounds.  Proceed to Step 7
(optional) and Step 12.



4. Health effects information is available on a mixture that is similar to the mixture of concern.
a. If yes, proceed to Step 5.
b. If no, proceed to Step 7.



5. Assess the similarity of the mixture on which health effects data are available to the mixture
of concern, with emphasis on any differences in components or proportions of components,
as well as the effects that such differences would have on biological activity.
a. If sufficiently similar, proceed to Step 6.
b. If not sufficiently similar, proceed to Step 7.



6. Conduct risk assessment on the mixture of concern based on health effects data on the similar
mixture.  Use the same procedures as those for single compounds.  Proceed to Step 7
(optional) and Step 12.



7. Compile health effects and exposure information on the components of the mixture.
8. Derive appropriate indices of acceptable exposure and/or risk on the individual components



in the mixture.  Proceed to Step 9.
9. Assess data on interactions of components in the mixtures.



a. If sufficient quantitative data are available on the interactions of two or more components
in the mixture, proceed to Step 10.



b. If sufficient quantitative data are not available, use whatever information is available to
qualitatively indicate the nature of potential interactions.  Proceed to Step 11.



10. Use an appropriate interaction model to combine risk assessments on compounds for which
data are adequate, and use an additivity assumption for the remaining compounds.  Proceed
to Step 11 (optional) and Step 12.



11. Develop a risk assessment based on an additivity approach for all compounds in the mixture. 
Proceed to Step 12.



12. Compare risk assessments conducted in Steps 5, 8, and 9.  Identify and justify the preferred
assessment, and quantify uncertainty, if possible.  Proceed to Step 13.



13. Develop an integrated summary of the qualitative and quantitative assessments with special
emphasis on uncertainties and assumptions.  Classify the overall quality of the risk
assessment, as indicated in Table 2.  Stop.



14. No risk assessment can be conducted because of inadequate data on interactions, health
effects, or exposure.  Qualitatively assess the nature of any potential hazard and detail the
types of additional data necessary to support a risk assessment.  Stop.



Note—Several decisions used here, especially those concerning adequacy of data and similarity between two
mixtures, are not precisely characterized and will require considerable judgment.  See text.
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Figure 1.  Flow chart of the risk assessment in Table 1.  Note that it may be desirable to conduct all three assessments when
possible (i.e., using data on the mixture, a similar mixture, or the components) in order to make the fullest use of the available
data.  See text for further discussion.
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Table 2.  Classification scheme for the quality of the risk assessment of the mixturea



Information on Interactions
I. Assessment is based on data on the mixture of concern.
II. Assessment is based on data on a sufficiently similar mixture.
III.  Quantitative interactions of components are well characterized.
IV. The assumption of additivity is justified based on the nature of the health effects and on the



number of component compounds.
V. An assumption of additivity cannot be justified, and no quantitative risk assessment can be



conducted.



Health Effects Information
A. Full health effects data are available and relatively minor extrapolation is required.
B. Full health effects data are available but extensive extrapolation is required for route or



duration of exposure or for species differences.  These extrapolations are supported by
pharmacokinetic considerations, empirical observations, or other relevant information.



C. Full health effects data are available, but extensive extrapolation is required for route or
duration of exposure or for species differences.  These extrapolations are not directly
supported by the information available.



D. Certain important health effects data are lacking and extensive extrapolations are required
for route or duration of exposure or for species differences.



E. A lack of health effects information on the mixture and its components in the mixture
precludes a quantitative risk assessment.



Exposure Informationb



1. Monitoring information either alone or in combination with modeling information is
sufficient to accurately characterize human exposure to the mixture or its components. 



2. Modeling information is sufficient to reasonably characterize human exposure to the mixture
or its components.



3. Exposure estimates for some components are lacking, uncertain, or variable.  Information on
health effects or environmental chemistry suggests that this limitation is not likely to
substantially affect the risk assessment.



4. Not all components in the mixture have been identified, or levels of exposure are highly
uncertain or variable.  Information on health effects or environmental chemistry is not
sufficient to assess the effect of this limitation on the risk assessment.



5. The available exposure information is insufficient for conducting a risk assessment.



aSee text for discussion of sufficient similarity, adequacy of data, and justification for additivity assumptions.
bSee the Agency’s Guidelines for Estimating Exposures (U.S. EPA, 1986d) for more complete 
information on performing exposure assessments and evaluating the quality of exposure data.
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concern and adopt procedures similar to those used for single compounds, either systemic



toxicants or carcinogens (see U.S. EPA, 1986a-c).  The risk assessor must recognize, however,



that dose-response models used for single compounds are often based on biological mechanisms



of the toxicity of single compounds, and may not be as well justified when applied to the mixture



as a whole.  Such data are most likely to be available on highly complex mixtures, such as coke



oven emissions or diesel exhaust, which are generated in large quantities and associated with or



suspected of causing adverse health effects.  Attention should also be given to the persistence of



the mixture in the environment as well as to the variability of the mixture composition over time



or from different sources of emissions.  If the components of the mixture are known to partition



into different environmental compartments or to degrade or transform at different rates in the



environment, then those factors must also be taken into account, or the confidence in and



applicability of the risk assessment are diminished.



2.2.  DATA AVAILABLE ON SIMILAR MIXTURES 



If the risk assessment is based on data from a single mixture that is known to be generated



with varying compositions depending on time or different emission sources, then the confidence



in the applicability of the data to a risk assessment also is diminished.  This can be offset to some



degree if data are available on several mixtures of the same components that have different



component ratios which encompass the temporal or spatial differences in composition of the



mixture of concern.  If such data are available, an attempt should be made to determine if



significant and systematic differences exist among the chemical mixtures.  If significant



differences are noted, ranges of risk can be estimated based on the toxicologic data of the various



mixtures.  If no significant differences are noted, then a single risk assessment may be adequate,



although the range of ratios of the components in the mixtures to which the risk assessment



applies should also be given.



If no data are available on the mixtures of concern, but health effects data are available an



a similar mixture (i.e., a mixture having the same components but in slightly different ratios, or



having several common components but lacking one or more components, or having one or more



additional components), a decision must be made whether the mixture on which health effects



data are available is or is not “sufficiently similar” to the mixture of concern to permit a risk



assessment.  The determination of “sufficient similarity” must be made on a case-by-case basis,



considering not only the uncertainties associated with using data on a dissimilar mixture but also



the uncertainties of using other approaches such as additivity.  In determining reasonable



similarity, consideration should be given to any information on the components that differ or are



contained in markedly different proportions between the mixture on which health effects data are



available and the mixture of concern.  Particular emphasis should be placed on any toxicologic or 
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pharmacokinetic data on the components or the mixtures which would be useful in assessing the



significance of any chemical difference between the similar mixture and the mixtures of concern.



Even if a risk assessment can be made using data on the mixtures of concern or a



reasonably similar mixture, it may be desirable to conduct a risk assessment based on toxicity



data on the components in the mixture using the procedure outlined in Section 2.B.  In the case of



a mixture containing carcinogens and toxicants, an approach based on the mixture data alone



may not be sufficiently protective in all cases.  For example, this approach for a two-component



mixture of one carcinogen and one toxicant would use toxicity data on the mixture of the two



compounds.  However, in a chronic study of such a mixture, the presence of the toxicant could



mask the activity of the carcinogen.  That is to say, at doses of the mixture sufficient to induce a



carcinogenic effect, the toxicant could induce mortality so that at the maximum tolerated dose of



the mixture, no carcinogenic effect could be observed.  Since carcinogenicity is considered by the



Agency to be a nonthreshold effect, it may not be prudent to construe the negative results of such



a bioassay as indicating the absence of risk at lower doses.  Consequently, the mixture approach



should be modified to allow the risk assessor to evaluate the potential for masking, of one effect



by another, on a case-by-case basis.



2.3.  DATA AVAILABLE ONLY ON MIXTURE COMPONENTS



If data are not available on an identical or reasonably similar mixture, the risk assessment



may be based on the toxic or carcinogenic properties of the components in the mixture.  When



little or no quantitative information is available on the potential interaction among the



components, additive models (defined in the next section) are recommended for systemic



toxicants.  Several studies have demonstrated that dose additive models often predict reasonably



well the toxicities of mixtures composed of a substantial variety of both similar and dissimilar



compounds (Pozzani et al., 1959; Smyth et al., 1969, 1970; Murphy, 1980).  The problem of



multiple toxicant exposure has been addressed by the American Conference of Governmental



Industrial Hygienists (ACGIH, 1983), the Occupational Safety and Health Administration



(OSHA, 1983), the World Health Organization (WHO, 1981), and the National Research Council



(NRC, 1980a,b).  Although the focus and purpose of each group was somewhat different, all



groups that recommended an approach elected to adopt some type of dose additive model. 



Nonetheless, as discussed in Section 4, dose additive models are not the most biologically



plausible approach if the compounds do not have the same mode of toxicologic action. 



Consequently, depending on the nature of the risk assessment and the available information on



modes of action and patterns of joint action, the Federal Register most reasonable additive model



should be used.
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2.3.1.  Systemic Toxicants



For systemic toxicants, the current risk assessment methodology used by the Agency for



single compounds most often results in the derivation of an exposure level which is not



anticipated to cause significant adverse effects.  Depending on the route of exposure, media of



concern, and the legislative mandate guiding the risk assessments, these exposure levels may be



expressed in a variety of ways such as acceptable daily intakes (ADIs) or reference doses (RfDs),



levels associated with various margins of safety (MOS), or acceptable concentrations in various



media.  For the purpose of this discussion, the term “acceptable level” (AL) will be used to



indicate any such criteria or advisories derived by the Agency.  Levels of exposure (E) will be



estimates obtained following the most current Agency Guidelines for Estimating Exposures (U.S.



EPA, 1986d).  For such estimates, the “hazard index” (HI) of a mixture based on the assumption



of dose addition may be defined as:



HI = E1/AL1 + E2/AL2 +. . . + Ei/ALi
(2-1) 



where:



Ei = exposure level to the ith toxicant* and ALi = maximum acceptable level for the ith toxicant.



Since the assumption of dose addition is most properly applied to compounds that induce



the same effect by similar modes of action, a separate hazard index should be generated for each



end point of concern.  Dose addition for dissimilar effects does not have strong scientific support, 



and, if done, should be justified on a case-by-case basis in terms of biological plausibility.



The assumption of dose addition is most clearly justified when the mechanisms of action



of the compounds under consideration are known to be the same.  Since the mechanisms of



action for most compounds are not well understood, the justification of the assumption of dose



addition will often be limited to similarities in pharmacokinetic and toxicologic characteristics. 



In any event, if a hazard index is generated the quality of the experimental evidence supporting



the assumption of dose addition must be clearly articulated.



The hazard index provides a rough measure of likely toxicity and requires cautious



interpretation.  The hazard index is only a numerical indication of the nearness to acceptable



limits of exposure or the degree to which acceptable exposure levels are exceeded.  As this index



approaches unity, concern for the potential hazard of the mixture increases.  If the index exceeds



unity, the concern is the same as if an individual chemical exposure exceeded its acceptable level



by the same proportion.  The hazard index does not define dose-response relationships, and its



numerical value should not be construed to be a direct estimate of risk.  Nonetheless, if sufficient
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data are available to derive individual acceptable levels for a spectrum of effects (e.g., MFO



induction, minimal effects in several organs, reproductive effects, and behavioral effects), the



hazard index may suggest what types of effects might be expected from the mixture exposure.  If



the components’ variabilities of the acceptable levels are known, or if the acceptable levels are



given as ranges (e.g., associated with different margins of safety), then the hazard index should



be presented with corresponding estimates of variation or range.



Most studies on systemic toxicity report only descriptions of the effects in each dose



group.  If dose-response curves are estimated for systemic toxicants, however, dose-additive or



response-additive assumptions can be used, with preference given to the most biologically



plausible assumption (see Section 4 for the mathematical details).



2.3.2.  Carcinogens



For carcinogens, whenever linearity of the individual dose-response curves has been



assumed (usually restricted to low doses), the increase in risk P (also called excess or incremental



risk), caused by exposure d, is related to carcinogenic potency B, as:



P = d B           (2-2)



For multiple compounds, this equation may be generalized to:



P = � di Bi (2-3)



This equation assumes independence of action by the several carcinogens and is



equivalent to the assumption of dose addition as well as to response addition with completely



negative correlation of tolerance, as long as P < 1 (see Section 4).  Analogous to the procedure



used in Equation 2-1 for systemic toxicants, an index for n carcinogens can be developed by



dividing exposure levels (E) by doses (DR) associated with a set level of risk:



HI = E1/DR1 + E2/DR2 +. . .+ En/DRn (2-4)



Note that the less linear the dose-response curve is, the less appropriate Equations 2-3 and



2-4 will be, perhaps even at low doses.  It should be emphasized that because of the uncertainties



in estimating dose-response relationships for single compounds, and the additional uncertainties



in combining the individual estimate to assess response from exposure to mixtures, response



rates and hazard indices may have merit in comparing risks but should not be regarded as



measures of absolute risk.
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2.3.3.  Interactions 



None of the above equations incorporates any form of synergistic or antagonistic



interaction.  Some types of information, however, may be available that suggest that two or more



components in the mixture may interact.  Such information must be assessed in terms of both its



relevance to subchronic or chronic hazard and its suitability for quantitatively altering the risk



assessment.



For example, if chronic or subchronic toxicity or carcinogenicity studies have been



conducted that permit a quantitative estimation of interaction for two chemicals, then it may be



desirable to consider using equations detailed in Section 4, or modifications of these equations,



to treat the two compounds as a single toxicant with greater or lesser potency than would be



predicted from additivity.  Other components of the mixture, on which no such interaction data



are available, could then be separately treated in an additive manner.  Before such a procedure is



adopted, however, a discussion should be presented of the likelihood that other compounds in the



mixture may interfere with the interaction of the two toxicants on which quantitative interaction



data are available.  If the weight of evidence suggests that interference is likely, then a



quantitative alteration of the risk assessment may not be justified.  In such cases, the risk



assessment may only indicate the likely nature of interactions, either synergistic or antagonistic,



and not quantify their magnitudes.



Other types of information, such as those relating to mechanisms of toxicant interaction,



or quantitative estimates of interaction between two chemicals derived from acute studies, are



even less likely to be of use in the quantitative assessment of long-term health risks.  Usually it



will be appropriate only to discuss these types of information, indicate the relevance of the



information to subchronic or chronic exposure, and indicate, if possible, the nature of potential



interactions, without attempting to quantify their magnitudes.



When the interactions are expected to have a minor influence on the mixture’s toxicity,



the assessment should indicate, when possible, the compounds most responsible for the predicted



toxicity.  This judgment should be based on predicted toxicity of each component, based on



exposure and toxic or carcinogenic potential.  This potential alone should not be used as an



indicator of the chemicals posing the most hazard.



2.3.4.  Uncertainties



For each risk assessment, the uncertainties should be clearly discussed and the overall



quality of the risk assessment should be characterized.  The scheme outlined in Table 2 should be



used to express the degree of confidence in the quality of the data on interaction, health effects,



and exposure.
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a. Health Effects—In some cases, when health effects data are incomplete, it may be possible to



argue by analogy or quantitative structure-activity relationships that the compounds on which



no health effects data are available are not likely to significantly affect the toxicity of the



mixture.  If a risk assessment includes such an argument, the limitations of the approach must



be clearly articulated.  Since a methodology has not been adopted for estimating an



acceptable level (e.g., ADI) or carcinogenic potential for single compounds based either on



quantitative structure-activity relationships or on the results of short-term screening tests,



such methods are not at present recommended as the sole basis of a risk assessment on



chemical mixtures.



b. Exposure Uncertainties—The general uncertainties in exposure assessment have been



addressed in the Agency’s Guidelines for Estimating Exposures (U.S. EPA, 1986d).  The risk



assessor should discuss these exposure uncertainties in terms of the strength of the evidence



used to quantify the exposure.  When appropriate, the assessor should also compare



monitoring and modeling data and discuss any inconsistencies as a source of uncertainty.  For



mixtures, these uncertainties may be increased as the number of compounds of concern



increases.



If levels of exposure to certain compounds known to be in the mixture are not



available, but information on health effects and environmental persistence and transport



suggest that these compounds are not likely to be significant in affecting the toxicity of the



mixture, then a risk assessment can be conducted based on the remaining compounds in the



mixture, with appropriate caveats.  If such an argument cannot be supported, no final risk



assessment can be performed until adequate monitoring data are available.  As an interim



procedure, a risk assessment may be conducted for those components in the mixture for



which adequate exposure and health effects data are available.  If the interim risk assessment



does not suggest a hazard, there is still concern about the risk from such a mixture because



not all components in the mixture have been considered.



c. Uncertainties Regarding Composition of the Mixture—In perhaps a worst-case scenario,



information may be lacking not only on health effects and levels of exposure, but also on the



identity of some components of the mixture.  Analogous to the procedure described in the



previous paragraph, an interim risk assessment can be conducted on those components of the



mixture for which adequate health effects and exposure information are available.  If the risk



is considered unacceptable, a conservative approach is to present the quantitative estimates of



risk, along with appropriate qualifications regarding the incompleteness of the data.  If no



hazard is indicated by this partial assessment, the risk assessment should not be quantified



until better health effects and monitoring data are available to adequately characterize the



mixture exposure and potential hazards.
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3.  ASSUMPTIONS AND LIMITATIONS



3.1. INFORMATION ON INTERACTIONS



Most of the data available on toxicant interactions are derived from acute toxicity studies



using experimental animals in which mixtures of two compounds were tested, often in only a



single combination.  Major areas of uncertainty with the use of such data involve the



appropriateness of interaction data from an acute toxicity study for quantitatively altering a risk



assessment for subchronic or chronic exposure, the appropriateness of interaction data on two



component mixtures for quantitatively altering a risk assessment on a mixture of several



compounds, and the accuracy of interaction data on experimental animals for quantitatively



predicting interactions in humans.



The use of interaction data from acute toxicity studies to assess the potential interactions



on chronic exposure is highly questionable unless the mechanisms of the interaction on acute



exposure were known to apply to low-dose chronic exposure.  Most known biological



mechanisms for toxicant interactions, however, involve some form of competition between the



chemicals or phenomena involving saturation of a receptor site or metabolic pathway.  As the



doses of the toxicants are decreased, it is likely that these mechanisms either no longer will exert



a significant effect or will be decreased to an extent that cannot be measured or approximated.



The use of information from two-component mixtures to assess the interactions in a



mixture containing more than two compounds also is questionable from a mechanistic



perspective.  For example, if two compounds are known to interact, either synergistically or



antagonistically, because of the effects of one compound on the metabolism or excretion of the



other, the addition of a third compound which either chemically alters or affects the absorption of



one of the first two compounds could substantially alter the degree of the toxicologic interaction. 



Usually, detailed studies quantifying toxicant interactions are not available on multicomponent



mixtures, and the few studies that are available on such mixtures (e.g., Gullino et al., 1956) do



not provide sufficient information to assess the effects of interactive interference.  Concerns with



the use of interaction data on experimental mammals to assess interactions in humans is based on



the increasing appreciation for systematic differences among species in their response to



individual chemicals.  If systematic differences in toxic sensitivity to single chemicals exist



among species, then it seems reasonable to suggest that the magnitude of toxicant interactions



among species also may vary in a systematic manner.



Consequently, even if excellent chronic data are available on the magnitude of toxicant



interactions in a species of experimental mammal, there is uncertainty that the magnitude of the



interaction will be the same in humans.  Again, data are not available to properly assess the



significance of this uncertainty.
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Last, it should be emphasized that none of the models for toxicant interaction can predict



the magnitude of toxicant interactions in the absence of extensive data.  If sufficient data are



available to estimate interaction coefficients as described in Section 4, then the magnitude of the



toxicant interactions for various proportions of the same components can be predicted.  The



availability of an interaction ratio (observed response divided by predicted response) is useful



only in assessing the magnitude of the toxicant interaction for the specific proportions of the



mixture which was used to generate the interaction ratio.



The basic assumption in the recommended approach is that risk assessments on chemical



mixtures are best conducted using toxicologic data on the mixture of concern or a reasonably



similar mixture.  While such risk assessments do not formally consider toxicologic interactions



as part of a mathematical model, it is assumed that responses in experimental mammals or



human populations noted after exposure to the chemical mixture can be used to conduct risk



assessments on human populations.  In bioassays of chemical mixtures using experimental



mammals, the same limitations inherent in species-to-species extrapolation for single compounds



apply to mixtures.  When using health effects data on chemical mixtures from studies on exposed



human populations, the limitations of epidemiologic studies in the risk assessment of single



compounds also apply to mixtures.  Additional limitations may be involved when using health



effects data on chemical mixtures if the components in the mixture are not constant or if the



components partition in the environment.



3.2.  ADDITIVITY MODELS



If sufficient data are not available on the effects of the chemical mixture of concern or a



reasonably similar mixture, the proposed approach is to assume additivity.  Dose additivity is



based on the assumption that the components in the mixture have the same mode of action and



elicit the same effects.  This assumption will not hold true in most cases, at least for mixtures of



systemic toxicants.  For systemic toxicants, however, most single compound risk assessments



will result in the derivation of acceptable levels, which, as currently defined, cannot be adapted to



the different forms of response additivity as described in Section 4.



Additivity models can be modified to incorporate quantitative data on toxicant



interactions from subchronic or chronic studies using the models given in Section 4 or



modifications of these models.  If this approach is taken, however, it will be under the



assumption that other components in the mixture do not interfere with the measured interaction. 



In practice, such subchronic or chronic interactions data seldom will be available.  Consequently,



most risk assessments (on mixtures) will be based on an assumption of additivity, as long as the



components elicit similar effects.
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Dose-additive and response-additive assumptions can lead to substantial errors in risk



estimates if synergistic or antagonistic interactions occur.  Although dose additivity has been



shown to predict the acute toxicities of many mixtures of similar and dissimilar compounds (e.g.,



Pozzani et al., 1959; Smyth et al., 1969, 1970; Murphy, 1980), some marked exceptions have



been noted.  For example, Smyth et al. (1970) tested the interaction of 53 pairs of industrial



chemicals based on acute lethality in rats.  For most pairs of compounds, the ratio of the



predicted LD50 to observed LD50 did not vary by more than a factor of 2.  The greatest variation



was seen with an equivolume mixture of morpholine and toluene, in which the observed LD50



was about five times less than the LD50 predicted by dose addition.  In a study by Hammond et al.



(1979), the relative risk of lung cancer attributable to smoking was 11, while the relative risk



associated with asbestos exposure was 5.  The relative risk of lung cancer from both smoking and



asbestos exposure was 53, indicating a substantial synergistic effect.  Consequently, in some



cases, additivity assumptions may substantially underestimate risk.  In other cases, risk may be



overestimated.  While this is certainly an unsatisfactory situation, the available data on mixtures



are insufficient for estimating the magnitude of these errors.  Based on current information,



additivity assumptions are expected to yield generally neutral risk estimates (i.e., neither



conservative nor lenient) and are plausible for component compounds that induce similar types of



effects at the same sites of action.



4.  MATHEMATICAL MODELS AND THE MEASUREMENT OF JOINT ACTION



The simplest mathematical models for joint action assume no interaction in any



mathematical sense.  They describe either dose addition or response addition and are motivated



by data on acute lethal effects of mixtures of two compounds.



4.1.  DOSE ADDITION



Dose addition assumes that the toxicants in a mixture behave as if they were dilutions or



concentrations of each other, thus the true slopes of the dose-response curves for the individual



compounds are identical, and the response elicited by the mixture can be predicted by summing



the individual doses after adjusting for differences in potency; this is defined as the ratio of



equitoxic doses.  Probit transformation typically makes this ratio constant at all doses when



parallel straight lines are obtained.  Although this assumption can be applied to any model (e.g.,



the one-hit model in NRC, 1980b), it has been most often used in toxicology with the log-



dose probit response model, which will be used to illustrate the assumption of dose addition. 



Suppose that two toxicants show the following log-dose probit response equations:
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Y1 = 0.3 + 3 log Z1 (4-1)



Y2 = 1.2 + 3 log Z2 (4-2)



where Y1 is the probit response associated with a dose of Z1 (i = 1, 2).  The potency, p, of



toxicant #2 with respect to toxicant #1 is defined by the quantity Z1/Z2 when Y1 = Y2 (that is what



is meant by equitoxic doses).  In this example, the potency, p, is approximately 2.  Dose addition



assumes that the response, Y, to any mixture of these two toxicants can be predicted by



Y = 0.3 + 3 log (Z1 + pZ2) (4-3)



Thus, since p is defined as Z1/Z2, Equation 4-3 essentially converts Z2 into an equivalent



dose of Z1 by adjusting for the difference in potency.  A more generalized form of this equation



for any number of toxicants is:



Y = a1 + b log (f1 + � fipi) + b log Z (4-4)



where:



a1 = the y-intercept of the dose-response equation for toxicant #1



b = the slope of the dose-response lines for the toxicants



fi = the proportion of the ith toxicant in the mixture



pi = the potency of the ith toxicant with respect to toxicant #1 (i.e., Z1/Zi); and 



Z = the sum of the individual doses in the mixture.



A more detailed discussion of the derivation of the equations for dose addition is



presented by Finney (1971).



4.2.  RESPONSE ADDITION



The other form of additivity is referred to as response addition.  As detailed by Bliss



(1939), this type of joint action assumes that the two toxicants act on different receptor systems



and that the correlation of individual tolerances may range from completely negative (r = –1) to



completely positive (r = + 1).  Response addition assumes that the response to a given



concentration of a mixture of toxicants is completely determined by the responses to the



components and the pairwise correlation coefficient.  Taking P as the proportion of organisms



responding to a mixture of two toxicants which evoke individual responses of P1 and P2, then.
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P = P1 if r = 1 and P1 � P2 (4-5)



P = P2 if r = 1 and P1 < P2 (4-6)



P = P1 + P2 (1–P1) if r = 0 (4-7)



P = P1 + P2 if r = –l and P � 1. (4-8)



More generalized mathematical models for this form of joint action have been given by



Plackett and Hewlett (1948).



4.3.  INTERACTIONS



All of the above models assume no interactions and therefore do not incorporate



measurements of synergistic or antagonistic effects.  For measuring toxicant interactions for



mixtures of two compounds, Finney (1942) proposed the following modification of Equation 4-4



for dose addition:



Y = a1 + b log (f1 + pf2 + K [pf1f2]
0.5) + b log Z (4-9)



where a1, b, f1, f2, p, and Z are defined as before, and K is the coefficient of interaction.  A



positive value of K indicates synergism, a negative value indicates antagonism, and a value of



zero corresponds to dose addition as in Equation 4-4.  Like other proposed modifications of dose



addition (Hewlett, 1969), the equation assumes a consistent interaction throughout the entire



range of proportions of individual components.  To account for such asymmetric patterns of



interaction as those observed by Alstott et al. (1973), Durkin (1981) proposed the following



modification to Equation 4-9:



Y = a1 + b log (f1 + pf2 + K1f1 [pf1f2]
0.5 + K2f2[pf1f2]



0.5) + b log z (4-10)



in which K(pf1f2)
0.5 is divided into two components, K1f1 (pf1f2)



0.5 and K2f2[pf1f2]
0.5.  Since K1 and



K2 need not have the same sign, apparent instances of antagonism at one receptor site and



synergism at another receptor site can be estimated.  When K1 and K2 are equal, Equation 4-10



reduces to Equation 4-9.



It should be noted that to obtain a reasonable number of degrees of freedom in the



estimation of K in Equation 4-9 or K1 and K2 in Equation 4-10, the toxicity of several different



combinations of the two components must be assayed along with assays of the toxicity of the



individual components.  Since this requires experiments with large numbers of animals, such



analyses have been restricted for the most part to data from acute bioassays using insects (e.g.,



Finney, 1971) or aquatic organisms (Durkin, 1979).  Also, because of the complexity of
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experimental design and the need for large numbers of animals, neither Equation 4-9 nor



Equation 4-10 has been generalized or applied to mixtures of more than two toxicants. 



Modifications of response-additive models to include interactive terms have also been proposed,



along with appropriate statistical tests for the assumption of additivity (Korn and Liu, 1983;



Wahrendorf et al., 1981).



In the epidemiologic literature, measurements of the extent of toxicant interactions, S, can



be expressed as the ratio of observed relative risk to relative risk predicted by some form of



additivity assumption.  Analogous to the ratio of interaction in classical toxicology studies, S = 1



indicates no interaction, S > 1 indicates synergism, and S < l indicates antagonism.  Several



models for both additive and multiplicative risks have been proposed (e.g., Hogan et al., 1978;



NRC, 1980b; Walter, 1976).  For instance, Rothman (1976) has discussed the use of the



following measurement of toxicant interaction based on the assumption of risk additivity:



S = (R11�1)/(R10 + R01�2) (4-11)



where R10 is the relative risk from compound #1 in the absence of compound #2, R01 is the



relative risk from compound #2 in the absence of compound #1, and R11 is the relative risk from



exposure to both compounds.  A multiplicative risk model adapted from Walter and Holford



(1978, Equation 4) can be stated as:



S = R11/(R10 R01)          (4-12)



As discussed by both Walter and Holford (1978) and Rothman (1976), the risk-additive



model is generally applied to agents causing diseases while the multiplicative model is more



appropriate to agents that prevent disease.  The relative merits of these and other indices have



been the subject of considerable discussion in the epidemiologic literature (Hogan et al., 1978;



Kupper and Hogan, 1978; Rothman, 1978; Rothman et al., 1980; Walter and Holford, 1978). 



There seems to be a consensus that for public health concerns regarding causative (toxic) agents,



the additive model is more appropriate.



Both the additive and multiplicative models assume statistical independence in that the



risk associated with exposure to both compounds in combination can be predicted by the risks



associated with separate exposure to the individual compounds.  As illustrated by



Siemiatycki and Thomas (1981) for multistage carcinogenesis, the better fitting statistical model



will depend not only upon actual biological interactions, but also upon the stages of the disease



process which the compounds affect.  Consequently, there is no a priori basis for selecting either



type of model in a risk assessment.  As discussed by Stara et al. (1983), the concepts of
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multistage carcinogenesis and the effects of promoters and cocarcinogens on risk are extremely



complex issues.  Although risk models for promoters have been proposed (e.g., Bums et al.,



1983), no single approach can be recommended at this time.
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PART B:  RESPONSE TO PUBLIC AND SCIENCE ADVISORY BOARD COMMENTS



1.  INTRODUCTION



This section summarizes some of the major issues raised in public comments on the



Proposed Guidelines for the Health Risk Assessment of Chemical Mixtures published on January



9, 1985 (50 FR 1170). Comments were received from 14 individuals or organizations. An issue



paper reflecting public and external review comments was presented to the Chemical Mixtures



Guidelines Panel of the Science Advisory Board (SAB) on March 4, 1985. At its April 22-23,



1985, meeting, the SAB Panel provided the Agency with additional suggestions and



recommendations concerning the Guidelines. This section also summarizes the issues raised by



the SAB.



The SAB and public commentators expressed diverse opinions and addressed issues from



a variety of perspectives. In response to comments, the Agency has modified or clarified many



sections of the Guidelines, and is planning to develop a technical support document in line with



the SAB recommendations. The discussion that follows highlights significant issues raised in the



comments, and the Agency’s response to them. Also, many minor recommendations, which do



not warrant discussion here, were adopted by the Agency.



2.  RECOMMENDED PROCEDURES



2.1.  DEFINITIONS



Several comments were received concerning the lack of definitions for certain key items



and the general understandability of certain sections. Definitions have been rewritten for several



terms and the text has been significantly rewritten to clarify the Agency’s intent and meaning.



Several commentators noted the lack of a precise definition of “mixture,” even though



several classes of mixtures are discussed. In the field of chemistry, the term “mixture” is usually



differentiated from true solutions, with the former defined as nonhomogeneous multicomponent



systems. For these Guidelines, the term “mixture” is defined as “. . any combination of two or



more chemicals regardless of spatial or temporal homogeneity of source” (Section 1). These



Guidelines are intended to cover risk assessments for any situation where the population is



exposed or potentially exposed to two or more compounds of concern. Consequently, the



introduction has been revised to clarify the intended breadth of application.



Several commentators expressed concern that “sufficient similarity” was difficult to



define and that the Guidelines should give more details concerning similar mixtures. The Agency



agrees and is planning research projects to improve on the definition. Characteristics such as
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composition and toxic end-effects are certainly important, but the best indicators of similarity in



terms of risk assessment have yet to be determined. The discussion in the Guidelines emphasizes



case-by-case judgment until the necessary research can be performed. The Agency considered but



rejected adding an example, because it is not likely that any single example would be adequate to



illustrate the variety in the data and types of judgments that will be required in applying this



concept. Inclusion of examples is being considered for the technical support document.



2.2.  MIXTURES OF CARCINOGENS AND SYSTEMIC TOXICANTS



The applicability of the preferred approach for a mixture of carcinogens and systemic



(noncarcinogenic) toxicants was a concern of several public commentators as well as the SAB.



The Agency realizes that the preferred approach of using test data on the mixture itself may not



be sufficiently protective in all cases. For example, take a simple two-component mixture of one



carcinogen and one toxicant. The preferred approach would lead to using toxicity data on the



mixture of the two compounds. However, it is possible to set the proportions of each component



so that in a chronic bioassay of such a mixture, the presence of the toxicant could mask the



activity of the carcinogen. That is to say, at doses of the mixture sufficient for the carcinogen to



induce tumors in the small experimental group, the toxicant could induce mortality. At a lower



dose in the same study, no adverse effects would be observed, including no carcinogenic effects.



The data would then suggest use of a threshold approach. Since carcinogenicity is considered by



the Agency to be a nonthreshold effect, it may not be prudent to construe the negative results of



such a bioassay as indicating the absence of risk at lower doses. Consequently, the Agency has



revised the discussion of the preferred approach to allow the risk assessor to evaluate the



potential for masking of carcinogenicity or other effects on a case-by-case basis.



Another difficulty occurs with such a mixture when the risk assessment needs to be based



on data for the mixture components. Carcinogens and systemic toxicants are evaluated by the



Agency using different approaches and generally are described by different types of data:



response rates for carcinogens vs. effect descriptions for toxicants. The Agency recognizes this



difficulty and recommends research to develop a new assessment model for combining these



dissimilar data sets into one risk estimate. One suggestion in the interim is to present separate



risk estimates for the dissimilar end points, including carcinogenic, teratogenic, mutagenic, and



systemic toxicant components.
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3.  ADDITIVITY ASSUMPTION



Numerous comments were received concerning the assumption of additivity, including:



a.  the applicability of additivity to “complex” mixtures; 



b.  the use of dose additivity for compounds that induce different effects;



c.  the interpretation of the Hazard Index; and



d.  the use of interaction data.



Parts of the discussion in the proposed guidelines concerning the use of additivity



assumptions were vague and have been revised in the final Guidelines to clarify the Agency’s



intent and position.



3.1.  COMPLEX MIXTURES



The issue of the applicability of an assumption of additivity to complex mixtures



containing tens or hundreds of components was raised in several of the public comments. The



Agency and its reviewers agree that as the number of compounds in the mixture increases, an



assumption of additivity will become less reliable in estimating risk. This is based on the fact that



each component estimate of risk or an acceptable level is associated with some error and



uncertainty. With current knowledge, the uncertainty will increase as the number of components



increases. In any event, little experimental data are available to determine the general change in



the error as the mixture contains more components. The Agency has decided that a limit to the



number of components should not be set in these Guidelines. However, the Guidelines do



explicitly state that as the number of compounds in the mixture increases, the uncertainty



associated with the risk assessment is also likely to increase.



3.2.  DOSE ADDITIVITY



Commentators were concerned about what appeared to be a recommendation of the use of



dose additivity for compounds that induce different effects. The discussion following the dose



additivity equation was clarified to indicate that the act of combining all compounds, even if they



induce dissimilar effects, is a screening procedure and not the preferred procedure in developing



a hazard index. The Guidelines were further clarified to state that dose (or response) additivity is



theoretically sound, and therefore best applied for assessing mixtures of similar acting



components that do not interact.
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3.3.  INTERPRETATION OF THE HAZARD INDEX 



Several comments addressed the potential for misinterpretation of the hazard index, and



some questioned its validity, suggesting that it mixes science and value judgments by using



“acceptable” levels in the calculation. The Agency agrees with the possible confusion regarding



its use and has revised the Guidelines for clarification. The hazard index is an easily derived



restatement of dose additivity, and is, therefore, most accurate when used with mixture



components that have similar toxic action. When used with components of unknown or



dissimilar action, the hazard index is less accurate and should be interpreted only as a rough



indication of concern. As with dose addition, the uncertainty associated with the hazard index



increases as the number of components increases, so that it is less appropriate for evaluating the



toxicity of complex mixtures.



3.4.  USE OF INTERACTION DATA



A few commentators suggested that any interaction data should be used to quantitatively



alter the risk assessment. The Agency disagrees. The current information on interactions is



meager, with only a few studies comparing response to the mixture with that predicted by studies



on components. Additional uncertainties include exposure variations due to changes in



composition, mixture dose, and species differences in the extent of the interaction. The Agency is



constructing an interaction data base in an attempt to answer some of these issues. Other



comments concerned the use of different types of interaction data. The Guidelines restrict the use



of interaction data to that obtained from whole animal bioassays of a duration appropriate to the



risk assessment. Since such data are frequently lacking, at least for chronic or subchronic effects,



the issue is whether to allow for the use of other information such as acute data, in vitro data, or



structure-activity relationships to quantitatively alter the risk assessment, perhaps by use of a



safety factor. The Agency believes that sufficient scientific upport does not exist for the use of



such data in any but a qualitative discussion of possible synergistic or antagonistic effects.



4.  UNCERTAINTIES AND THE SUFFICIENCY OF THE DATA BASE



In the last two paragraphs of Section II of the Guidelines, situations are discussed in



which the risk assessor is presented with incomplete toxicity, monitoring, or exposure data. The



SAB, as well as several public commentors, recommended that the “risk management” tone of



this section be modified and that the option of the risk assessor to decline to conduct a risk



assessment be made more explicit.



This is a difficult issue that must consider not only the quality of the available data for



risk assessment, but also the needs of the Agency in risk management. Given the types of poor
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data often available, the risk assessor may indicate that the risk assessment is based on limited



information and thus contains no quantification of risk. Nonetheless, in any risk assessment,



substantial uncertainties exist. It is the obligation of the risk assessor to provide an assessment,



but also to ensure that all the assumptions and uncertainties are articulated clearly and quantified



whenever possible.



The SAB articulated several other recommendations related to uncertainties, all of which



have been followed in the revision of the Guidelines. One recommendation was that the summary



procedure table also be presented as a flow chart so that all options are clearly displayed. The



SAB further recommended the development of a system to express the level of confidence in the



various steps of the risk assessment.



The Agency has revised the summary table to present four major options: risk assessment



using data on the mixture itself, data on a similar mixture, data on the mixture’s components, or



declining to quantify the risk when the data are inadequate. A flow chart of this table has also



been added to more clearly depict the various options and to suggest the combining of the several



options to indicate the variability and uncertainties in the risk assessment.



To determine the adequacy of the data, the SAB also recommended the development of a



system to express the level of confidence associated with various steps in the risk assessment



process. The Agency has developed a rating scheme to describe data quality in three areas:



interaction, health effects, and exposure. This classification provides a range of five levels of data



quality for each of the three areas. Choosing the last level in any area results in declining to



perform a quantitative risk assessment due to inadequate data. These last levels are described as



follows:



Interactions:  An assumption of additivity cannot be justified, and no quantitative risk



assessment can be conducted.



Health effects:  A lack of health effects information on the mixture and its components



precludes a quantitative risk assessment.



Exposure:  The available exposure information is insufficient for conducting a risk



assessment.



Several commentors, including the SAB, emphasized the importance of not losing these



classifications and uncertainties farther along in the risk management process. The discussion of



uncertainties has been expanded in the final Guidelines and includes the recommendation that a
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discussion of uncertainties and assumptions be included at every step of the regulatory process



that uses risk assessment.



Another SAB comment was that the Guidelines should include additional procedures for



mixtures with more than one end point or effect. The Agency agrees that these are concerns and



revised the Guidelines to emphasize these as additional uncertainties worthy of further research.



5.  NEED FOR A TECHNICAL SUPPORT DOCUMENT



The third major SAB comment concerned the necessity for a separate technical support



document for these Guidelines. The SAB pointed out that the scientific and technical background



from which these Guidelines must draw their validity is so broad and varied that it cannot



reasonably be synthesized within the framework of a brief set of guidelines. The Agency is



developing a technical support document that will summarize the available information on health



effects from chemical mixtures, and on interaction mechanisms, as well as identify and develop



mathematical models and statistical techniques to support these Guidelines. This document will



also identify critical gaps and research needs.



Several comments addressed the need for examples on the use of the Guidelines. The



Agency has decided to include examples in the technical support document.



Another issue raised by the SAB concerned the identification of research needs. Because



little emphasis has been placed on the toxicology of mixtures until recently, the information on



mixtures is limited. The SAB pointed out that identifying research needs is critical to the risk



assessment process, and the EPA should ensure that these needs are considered in the research



planning process. The Agency will include a section in the technical support document that



identifies research needs regarding both methodology and data.
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APPENDIX B



DEFINITIONS



Consistent and clear terminology is critical to the discussion of chemical mixtures risk



assessment methodology.  Tables A-1 and A-2 articulate the differences among the many terms



used to describe chemical mixtures and the types of interactions that may occur among



chemicals.  Table A-1 presents chemical mixtures definitions in terms of specific criteria



including the complexity of the mixture, similarity of biologic activity, similarity of chemical



structure or mixture composition, environmental source of the mixture, toxic endpoint, etc. 



Table A-2 provides definitions for terms that describe various types of toxicologic interactions,



including forms of additivity, antagonism, synergism, and other toxicologic phenomena.  



Tables A-1 and A-2 can be used by the risk assessor to classify available toxicity and exposure



data in order to choose from among the risk assessment methods for chemical mixtures.
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Table B-1.  Definitions of chemical mixtures



Chemical Mixture
Any set of multiple chemical substances that may or may not be identifiable, regardless of their
sources, that may jointly contribute to toxicity in the target population.  May also be referred to as a
“whole mixture” or as the “mixture of concern.”



Components
Single chemicals that make up a chemical mixture that may be further classified as systemic toxicants,
carcinogens, or both.



Simple Mixture
A mixture containing two or more identifiable components, but few enough that the mixture toxicity
can be adequately characterized by a combination of the components’ toxicities and the components’
interactions.



Complex Mixture
A mixture containing so many components that any estimation of its toxicity based on its components’
toxicities contains too much uncertainty and error to be useful.  The chemical composition may vary
over time or with different conditions under which the mixture is produced.  Complex mixture
components may be generated simultaneously as by-products from a single source or process,
intentionally produced as a commercial product, or may coexist because of disposal practices.  Risk
assessments of complex mixtures are preferably based on toxicity and exposure data on the complete
mixture.  Gasoline is an example.



Similar Components
Single chemicals that cause the same biologic activity or are expected to cause a type of biologic
activity based on chemical structure.  Evidence of similarity may include similarly shaped dose-
response curves, or parallel log dose-probit response curves for quantal data on the number of animals
(people) responding, and same mechanism of action or toxic endpoint.  These components are
expected to have comparable characteristics for fate, transport, physiologic processes, and toxicity.  



Similar Mixtures
Mixtures that are slightly different, but are expected to have comparable characteristics for fate,
transport, physiologic processes, and toxicity.  These mixtures may have the same components but in
slightly different proportions, or have most components in nearly the same proportions with only a few
different (more or fewer) components.  Similar mixtures cause the same biologic activity or are
expected to cause the same type of biologic activity due to chemical composition.  Similar mixtures
act by the same mechanism of action or affect the same toxic endpoint.  Diesel exhausts from different
engines are an example.



Chemical Classes
Groups of components that are similar in chemical structure and biologic activity, and that frequently
occur together in environmental samples, usually because they are generated by the same commercial
process.  The composition of these mixtures is often well controlled, so that the mixture can be treated
as a single chemical.  Dibenzo-dioxins are an example.











B-3



Table B-2.  Definitions of toxicologic interactions between chemicalsa



Additivity
When the "effect" of the combination is estimated by the sum of the exposure levels or the effects of
the individual chemicals. The terms "effect" and "sum" must be explicitly defined. Effect may refer to
the measured response or the incidence of adversely affected animals.  The sum may be a weighted
sum (see "dose addition") or a conditional sum (see "response addition").



Antagonism
When the effect of the combination is less than that suggested by the component toxic effects. 
Antagonism must be defined in the context of the definition of "no interaction," which is usually dose
or response addition.



Chemical Antagonism  
When a reaction between the chemicals has occurred and a new chemical is formed.  The toxic effect
produced is less than that suggested by the component toxic effects.



Chemical Synergism  
When a reaction between the chemicals has occurred and a different chemical is formed.  The toxic
effect produced is greater than that suggested by the component toxic effects, and may be different
from effects produced by either chemical by itself. 



Complex Interaction
When three or more compounds combined produce an interaction that cannot be assessed according to
the other interaction definitions.



Dose Additivity
When each chemical behaves as a concentration or dilution of every other chemical in the mixture. 
The response of the combination is the response expected from the equivalent dose of an index
chemical.  The equivalent dose is the sum of component doses scaled by their toxic potency relative to
the index chemical.



Index Chemical
The chemical selected as the basis for standardization of toxicity of components in a mixture. The
index chemical must have a clearly defined dose-response relationship.



Inhibition
When one substance does not have a toxic effect on a certain organ system, but when added to a toxic
chemical, it makes the latter less toxic.



Masking
When the compounds produce opposite or functionally competing effects at the same site or sites, so
that the effects produced by the combination are less than suggested by the component toxic effects.



No Apparent Influence
When one substance does not have a toxic effect on a certain organ or system, and when added to a
toxic chemical, it has no influence, positive or negative, on the toxicity of the latter chemical.
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Table B-2.  Definitions of toxicologic interactions between chemicalsa (continued)



No Observed Interaction
When neither compound by itself produces an effect, and no effect is seen when they are administered together.



Potentiation  
When one substance does not have a toxic effect on a certain organ or system, but when added to a toxic
chemical, it makes the latter more toxic.



Response Additivity
When the toxic response (rate, incidence, risk, or probability of effects) from the combination is equal to the
conditional sum of component responses as defined by the formula for the sum of independent event probabilities. 
For two chemical mixtures, the body’s response to the first chemical is the same whether or not the second
chemical is present.



Synergism  
When the effect of the combination is greater than that suggested by the component toxic effects. Synergism  must
be defined in the context of the definition of "no interaction," which is usually dose or response addition.



Unable to Assess  
Effect cannot be placed in one of the above classifications.  Common reasons include lack of proper control
groups, lack of statistical significance, and poor, inconsistent, or inconclusive data.



aBased on definitions in U.S. EPA (1990).  These definitions of interaction refer to the influence on observed
toxicity, without regard to the actual modes of interaction.
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APPENDIX C



PHARMACOKINETICS



The improvement in predictive estimates for mixture risk will likely follow the increase



in biological understanding and quantitative models of toxicologic interactions.  The best studied



and modeled toxicologic interactions are those involving alterations in pharmacokinetics (e.g.,



see Krishnan et al., 1994).  This section discusses the general concepts underlying toxicologic



interactions and more specific issues with pharmacokinetic models to provide background and



incentive for continued research in this area.



C.1.  PHARMACOKINETIC/PHARMACODYNAMIC MODELING



The past two decades have seen great strides in our ability to assess the health risks of



chemicals present in our air, water, and food.  Our ever-growing scientific databases are



increasing our understanding of the dose-response toxicity of individual chemicals and are



permitting better predictions of health effects.  However, we are now reaching the point at which



we can, and must, increase the complexity of our calculations and incorporate chemical-chemical



interactions into our risk assessment analyses.



Although single-compound exposures are possible, in most instances contaminant chemi-



cals are present in our environment as mixtures.  Some of these mixtures are relatively well



defined, such as coke oven emissions and diesel exhaust.  Other mixtures, such as those released



from old disposal sites, are highly variable, complex, and largely undefined.  As there is a



considerable body of literature indicating that chemical-chemical interactions occur, factors that



influence the toxicity of the chemicals in mixtures must be better understood if they are to be



effectively incorporated into our health risk assessments (U.S. EPA, 1986).



In theory, there are many ways in which one chemical could alter the toxicity of another. 



Two chemicals could directly interact to form a new compound, or there might be changes in the



intestinal absorption of the chemicals.  Absorption could be altered through competition for



membrane-binding sites or by the induction of a transport process.  Plasma transport, tissue



accumulation, and elimination processes could also be altered through competition or



interference mechanisms, e.g., binding to metallothionein.  Cellular metabolism and intracellular



effects may be modified either directly through competition for receptor- or enzyme-binding sites



or indirectly by the induction or depression of metabolizing enzymes and/or other detoxification



mechanisms, such as cellular glutathione levels.



Assessment of the health impacts of single chemicals or chemical mixtures present in our



environment is an important problem.  Although we have made progress in recent years by



establishing “safe” concentrations and exposure conditions for many individual chemicals,
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related information for the same chemicals in mixtures is largely unavailable.  Our challenge is to



accurately evaluate the risk posed by exposure to multiple chemicals as compared to exposures to



individual chemicals.  This will occur only with a solid understanding of the modes of action or



mechanisms of toxicity of chemical agents and the factors that control their absorption,



metabolism, distribution, and elimination.



Chemical interactions can be divided into two major categories:  those resulting from



toxicokinetic and those resulting from toxicodynamic modes of action.  Toxicokinetic modes of



interaction involve alterations in metabolism or disposition of a toxic chemical.  These



interactions can be mediated by the induction or inhibition of enzymes involved in xenobiotic



activation and detoxification.  Toxicodynamic modes of interaction include interactions that do



not directly affect the metabolism or disposition of a xenobiotic, but affect a tissue’s response or



susceptibility to toxic injury.  Modes of toxicodynamic interactions include, among others,



depletion or induction of protective factors, alterations in tissue repair, changes in



hemodynamics, and immunomodulation.  Sauer and Sipes (1995) have reported toxicodynamic



action between all-trans-retinol and other chemicals that involves the alteration of chemical-



induced tissue injury by the modulation of inflammatory cell activity.



Retinol pretreatment in this study provided protection against pulmonary toxicity induced



by 2-nitronaphthalene and paraquat by suppressing the inflammatory response.  The investigators



looked at effects on liver for the combination of retinol and 2-nitronaphthalene.  With this target



organ, they observed a potentiation of toxicity, rather than protection as seen in the lung.  A



subsequent experiment indicated that retinol-induced activation of Kupffer cell function was a



major contributing factor in the lung.  The selective destruction of Kupffer cells by gadolinium



pretreatment protected rats against the potentiation induced by retinol.  From these studies, it is



clear that it can be difficult to predict interactions from one organ to another, let alone from



species to species.  Likewise, results described indicate that in vitro studies alone would have



been of limited use in describing the range of effects observed in the intact animal with these



combinations.



Glutathione (GSH) plays a critical role in detoxifying many chemicals, and its depletion



within cells has long been known to increase the risk of chemical toxicity.  Jones et al. (1995)



have provided information on factors that regulate GSH status in humans, including gender, age,



race, and dietary habits that could affect the risk of exposure.  GSH levels in human plasma are



highly variable and potentially a marker of susceptibility.  Because of GSH’s central role in



detoxifying many chemicals, therapeutic manipulation of GSH levels may afford extra protection



that could reduce the risks of exposure to complex mixtures.



The utility of physiologically based pharmacokinetic (PBPK) modeling in predicting the



consequences of exposure to multiple solvents has been demonstrated by Krishnan and Pelekis
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(1995).  The authors used PBPK models and existing data sets to predict the effect of multiple



solvent exposure on carboxyhemoglobin formation from dichloromethane.  The interaction



involved the hepatic metabolism of the various solvents by one isozyme of cytochrome P450



(CYP2E1) and the effect of one metabolite, CO, on hemoglobin.  Their predictions highlighted



the need to understand the disposition of chemicals and modes of action of toxicity in order to



effectively use PBPK in risk assessment.



This modeling exercise suggested that, with competitive metabolic inhibition mechanism,



the threshold for the appearance of binary chemical interactions will follow a downward trend



with increasing number of substrates or structurally similar substances in a mixture.  The use of



this kind of mechanistic model, along with data from descriptive chemical interaction studies,



could form the very basis of mechanistic risk assessment methods for complex chemical



mixtures.



Several studies on toxic interactions have been published to date; the quantitative aspect



of the toxicokinetic/toxicodynamic mechanism of interactions, however, has only been



elucidated for a few chemical pairs (Krishnan and Brodeur, 1991).  One approach to the problem



in assessing risk in the context of a complex mixture would be to develop biologically based



dosimetry and toxicity models, such that multiple interactions can be simultaneously



distinguished and systematically analyzed at any level of complexity.  Physiologically based



pharmacokinetic and pharmacodynamic modeling (PBPK/PD) may therefore be considered a



viable approach.  Tardif et al. (1997) developed a PBPK model for a ternary mixture of alkyl



benzenes in rats and humans.  Model simulations and experimental data obtained in humans



indicated that exposure to atmospheric concentrations of the alkyl benzenes that remained within



the permissible concentrations (TLVs) for a mixture would not result in biologically significant



modifications of their pharmacokinetics.  This study demonstrated the utility of PBPK models in



the prediction of the kinetics of components of chemical mixtures, by accounting for modes of



interaction of binary chemical mixtures.



The linkage of two of the most challenging areas in toxicology today, PBPK/PD and



statistical/mathematical modeling and experimental toxicology of chemical mixtures, will have



immense potential in application to risk assessment for chemical mixtures.  Figure B-1 represents



the possible application of combined PBPK/PD modeling to chemical mixtures and the



development of innovative risk assessment methodologies for chemical mixtures.  El-Masri et al.



(1996) attempted to couple PBPK/PD and other experimental toxicology with isobolographic



analysis and/or response surface methodology for the modeling and analysis of toxicologic



interactions.  With the aid of such techniques as Monte Carlo simulation, one may then estimate



tissue dosimetry at the pharmacokinetic and pharmacodynamic levels.  Using these tissue values 
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A Priori PBPK/PD Modeling



�
Model-Directed Focused Experiments/



Efficient Experimental Designs



�
PBPK/PD              Isobolographic Analysis



Integrated +              Response Surface Methodology



Toxicity              Monte Carlo Simulation



Model



�
Predictive and Alternative Toxicology/



Target Tissue Dosimetry



�
Innovative Risk Assessment



Methodologies



Figure C-1.  



The possible application of combined PBPK/PD modeling to chemical mixtures.
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as benchmark doses, human risk assessment of chemical mixtures may possibly be carried out



with quantification of the uncertainty.



C.2.  PHARMACOKINETIC PRINCIPLES:  CHEMICAL MIXTURES



Environmental exposures to naturally occurring and artificially produced substances



generally involve mixtures of chemicals.  Exposure to single chemicals occurs in the context of



simultaneous exposure.  When therapeutic agents are taken with the intent to produce a certain 



pharmacological effect, other chemicals present at the time of their disposition may modulate



processes of absorption, tissue distribution, metabolism, or excretion so as to alter the shape of



the dose-effect relationship.  Toxicokinetic interactions may influence the relationship between



administered dose and the dose delivered to the target site(s).  This forces the distinction between



toxicokinetic interactions and toxicodynamic interactions.  Toxicologic agents, or pharmacologic



agents administered at doses at which they exert other than their  intended effects, more than



likely will interact with a variety of receptor sites, reversibly or irreversibly.  Metabolites, in



particular, although they may be formed in very small amounts, may not move from the tissue or



even the intracellular site where they were produced.  Given this broad spectrum of modes of



action, it is not surprising that toxicodynamic models of action and interaction are less fully



developed than toxicokinetic models.  The interactions among chemicals may occur at any point



during absorption or disposition of the chemical components of the mixture.  O’Flaherty (1989)



reviewed these modes of kinetic interaction during absorption and elimination; the following



discussions summarize this review and include other pertinent information available in the



current literature.



C.2.1.  Absorption



C.2.1.1.  Gastrointestinal



Gastrointestinal transit time may be affected by the constituents of a mixture.  For



example, absorption may be higher or lower depending on transit time.  Although some



lipophilic substances, such as paraffin oil and triglycerides, do not affect uptake, others such as



lipophilic substances possessing hydrophilic groups such as oleic acid and oleyl alcohol alter



absorption into the outermost layer of the glandular mucosa.  When both hydrophilic and



lipophilic groups are present in the solvent with a dominant hydrophilic characteristic, an



administered compound readily penetrates into the stomach wall (Ekwall et al., 1951).  Many



other factors, e.g. acid-base balance in the gastrointestinal lumen, gut mobility, and blood flow,



also affect the absorption of many xenobiotics.  From a practical point of view, it is important to



differentiate between interactions that alter the rate of absorption from those that affect the



amount of xenobiotic absorbed.  Kristensen (1976) has reported that a rate of absorption
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contributing to a longer plasma half-life may be needed to maintain a steady-state concentration



of certain drugs, e.g., antihypertensive drugs, whereas a shorter plasma half-life, or attainment of



higher unbound plasma levels of an active drug (e.g., digitoxin, oubain) because of rapid passage



across the gut may be important when a quick onset of drug effect is desired.



The competitive binding of metals to macromolecules can influence their intestinal



absorption, plasma transfer, tissue uptake, intracellular binding, and site-specific toxic effects. 



The following discussion cites examples of such interactions.  Although many have not been



studied in detail, it is possible that we have a lot to discover in this area.



The intestinal absorption and tissue accumulation of most toxic metals are influenced, to



a large extent, by the concentration of essential trace metals present in one’s diet (Eisenhans et



al., 1991).  The intestinal uptake of cadmium (Cd), for example, is significantly increased under



conditions of iron (Fe), zinc (Zn), and calcium (Ca) deficiency (Hoadley and Johnson, 1987). 



Dietary Zn alters lead (Pb) toxicity, as evidenced by decreased Pb absorption, lower blood and



tissue Pb levels, and decreased inhibition of the Pb-sensitive enzyme aminolevulenic acid



dehydrase (ALAD) (Cerklewski and Forbes, 1976) under conditions of elevated dietary Zn



exposure.



The mechanisms underlying these effects undoubtedly involve multiple processes.  Some



of these interactions occur through competition of the metal ions for membrane transport



systems, in a manner similar to that described by Blazka and Shaikh (1992) for Cd.  These



investigators have found that Cd uptake by rat hepatocytes occurs through a sulfhydryl (SH)-



containing transport process that is inhibited by concomitant exposure to copper (Cu), iron, and



zinc.  Thus, the relative extracellular concentrations of these ions will be an important



determinant of Cd uptake and accumulation.  In vivo studies of hepatic Cd, Cu, and Zn uptake



and accumulation suggest that influx and efflux of metal ions are both important determinants of



final tissue metal concentrations (Suzuki et al., 1991).



In addition to mediating cellular toxicity in target organs, metallothionein (MT) in



intestinal cells alters the absorption of metals from dietary sources.  Richards and Cousins (1975)



have proposed that MT regulates Zn absorption by chelating Zn ions in intestinal cells,



preventing their transfer across the basal membrane into the circulatory system.  This proposed



function of MT is supported by the observation that intestinal MT concentrations are inversely



proportional to Zn absorption (Bremner, 1993).  The binding of Cd ions to MT in the intestine



similarly decreases Cd absorption.  Foulkes (1991) has demonstrated that pretreatment of animals



with Zn at levels that increase mucosal MT content causes a decrease in Cd transport across the



intestinal lumen.



Adsorption can reduce bioavailability from the gastrointestinal tract.  Prescott (1969)



demonstrated that the salts of Ca, Fe, or magnesium (Mg) may interact with drugs in the intestine
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to produce insoluble and nonabsorbable complexes.  For example, calcium phosphate filler



markedly reduces the absorption of tetracycline.  In addition to calcium salts, Fe and aluminum



(Al) ions also form insoluble chelate complexes with tetracycline.  These interactions, of



potential clinical significance, are avoidable if the drugs are given at properly spaced time



intervals (Neuvonen, 1976).



C.2.1.2.  Pulmonary



Gaseous and particulate phases of an inhaled chemical mixture may play different



functional roles inducing or reducing pulmonary/systemic toxicity.  For example, formaldehyde



can stimulate mucociliary function at low concentrations, but it inhibits mucociliary function



after prolonged exposure at high concentrations (Morgan et al., 1984).  Gaseous and particulate



phases of cigarette smoke are cilia toxic and at sustained high levels can cause impairment of



tracheobronchial clearance.  Low, brief exposures, however, actually appear to speed up lower



bronchial transport.  In occupational settings, chronic exposures lower than those associated with



ambient air may significantly interfere with pulmonary clearance and may produce a variety of



toxicological events uncommon to the individual constituents of the mixture (Albert et al., 1975;



Ferin and Leach, 1973).



Airborne particulates, when adsorbed to chemical constituents of gases/vapors, may



influence the degree of absorption from the lung.  Other factors, such as particle size, length, and



binding affinity, can also play a significant role in pulmonary absorption/retention.  Henry and



Kaufman (1973) suggested that the ability of benzo[a]pyrene (B[a]P) to be eluted for its



particulate adsorption sites might be an important determinant of its biological activity.  Creasia



et al. (1976) reported that B[a]P adsorbed to the larger carbon particles was cleared with the



particles themselves.  Because the half-times of the large and small particles were similar, B[a]P



adsorbed to the smaller carbon particles was cleared about four times as fast as the particles from



the mouse lung.



C.2.1.3.  Dermal



Despite lack of sufficient quantitative information, solvent effects on qualitative



absorption for the dermal route are well characterized.  Within a limited range at least, partition



coefficients calculated for solubilities in skin and in various solvents appear to correlate with



permeability coefficients for penetration into the skin for those solvents (Sloan et al., 1986).



Although an adequate amount of information is known about the uptake of several classes



of neat chemicals (as liquids) through human skin, more needs to be known about the effects of



media on dermal uptake.  In the workplace, employees are frequently exposed to liquid



chemicals, but environmental exposure almost never involves exposure to neat substances.  For
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example, residents may be exposed to contaminated dust that has been transported through open



windows.  Children are exposed to soils that have contaminants from particulate emissions from



cars, smelters, foundries, incinerators, or other processes, which have been deposited on yards



and playgrounds.  Adults and children can also be exposed to organic contaminants in water



during showering or swimming.



Information on the neat chemical is helpful in understanding the dermal uptake of



chemicals bound to soil, dust, sludge, sediment, paint, etc., but there are other factors that should



also be considered.  The best approach for mixtures assessments is to conduct specific tests with



the contaminated chemical on laboratory animals or use in vitro technologies.  Since relatively



low concentrations of the chemical are typical in the environment and high concentrations are



used in laboratory studies, an extrapolation to environmental levels is often necessary.  Other



factors such as the duration of contact, integrity of the skin, and the chemical properties of the



agent must ultimately be considered in the risk assessment.



Progress continues to be made to allow risk assessors to make fairly reasonable estimates



of the uptake of chemicals in soil.  The development of models that can predict dermal



bioavailability and account for media effects would represent a signficant step forward.  The role



of concentration on the rate of dermal uptake is an area that deserves further study.  Work



conducted thus far suggests that the uptake will depend on the characteristics of the media (%



organics, particle size in soil, etc.) and the properties of the contaminant (lipophilicity,



temperature).  These parameters need to be quantified and a general model developed.  The work



of McKone (1990) represents an important step in this direction.



C.2.1.4.  Elimination



Metabolism of one chemical may deplete reserves of a cofactor required for metabolism



of another chemical, reducing exposure to metabolites of the second chemical or shifting the



relative magnitudes of exposure to products of competing metabolic pathways.  Induction of



metabolizing enzymes, often those of cytochrome P-450-dependent mixed-function oxidase



(MFO) systems, can alter the relative magnitudes of parallel pathways of metabolism as well as



increase the rate of magnitude of total metabolic production (O’Flaherty, 1989).



Andersen et al. (1987), while developing a PBPK model, considered the interaction



between 1,1-dichloroethylene (1,1-DCE) and trichloroethylene (TCE) metabolized by the same



enzyme system.  In this study rats were exposed to these chemicals via inhalation.  When the



chemicals reached dynamic steady states among the tissues and between blood and alveolar air,



the rate of loss of 1,1-DCE was found to be sharply reduced in the presence of TCE.  Of the



several modeled mechanisms of interaction, competitive interaction gave the most successful



predictions.  This led to the development of a co-exposure model with competitive interaction to
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predict the kinetic behavior of either compound in the presence of the other.  The success with



which this was done was illustrated by a good concordance between predicted and observed



chamber concentrations of 1,1-DCE without and with coexposure to TCE.



Induction of metabolizing enzymes may produce different effects on metabolic rates,



which could reduce integrated exposure to the parent chemical by increasing the rate of



metabolism.  For instance, caffeine metabolism has been modeled as a capacity-limited process



giving rise to the three monitored metabolites (York et al., 1987).  Elimination of the metabolites



was assumed to be first-order, an assumption justified by the observations that at no time did the



concentration of any metabolite exceed 1/10 of the maximum caffeine concentration and the



caffeine itself, indicating moderated capacity-limited behavior.  Integrated exposure to caffeine,



as expected, decreased as a consequence of induction of caffeine metabolism; however,



integrated exposure to individual monodemethylated metabolites was also decreased by induction



of caffeine metabolism.  This could probably be explained by consideration of a process of



caffeine elimination.



The toxicity of many organic chemicals is influenced by the action of mixed-function



oxidases (MFOs) and phase II biotransformation enzymes that catalyze their metabolism to more



hydrophilic forms in preparation for excretion.  Because the synthesis of many of these enzymes



is affected by the chemicals they metabolize, multiple modes of action may be involved in the



chemical interactions involving these enzyme systems (Kedderis, 1990).  For example, an



inhibition of toxicity can occur when the metabolism of one chemical to its more toxic form is



prevented by the preferential metabolism of another compound, or when one chemical induces an



MFO enzyme system that can catalyze the transformation of a second chemical to a less toxic



form.  On the other hand, enhancement of toxicity can occur when the enzyme that bioactivates a



chemical has been previously induced in a cell by exposure to a second compound.  Thus, the



toxicity of each individual chemical, in each situation, will depend on which biotransformation



enzymes have been induced, the relative affinity of each chemical for the available enzymes, and



the relative toxicity of the metabolized forms of the chemicals compared with the parent



compounds.



There are numerous examples of chemical interactions in experimental animals that have



their genesis in biotransformation.  Chemicals such as piperonal butoxide and proadifen (SK&F



525A), which inhibit MFO enzymes, decrease the hepatic toxicity of such compounds as



acetaminophen, bromobenzene, and cocaine, which require activation for toxicity (Thompson et



al., 1979).  Increased toxicity can also occur when MFO enzymes are inhibited if a compound is



normally converted by these enzymes to a less toxic form.  This appears to be the basis for the



increased nephrotoxicity of cyclosporine that occurs following cotreatment with compounds such



as ketoconazole, methyltestosterone, and erythromycin (Moller and Ekelund, 1985).
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In addition, the timing of the multiple-chemical exposures and the doses used can affect



the outcome of an interaction study (Plaa and Vezina, 1990).  Plaa and Hewitt (1982), for



example, demonstrated that the magnitude of hepatotoxicity caused by chloroform varied more



than 100-fold when a second chemical, 2,5-hexanedione, was administered 10 versus 50 hours



before the chloroform.  Also, MacDonald et al. (1982) have shown that whereas low doses of



acetone enhanced the toxicity of haloethanes such as trichloroethane, high doses reduced toxicity. 



Thus, nonlinear or biphasic response curves for individual chemicals will lead to nonlinear and



sbiphasic interactive effects that must be considered in predictive studies.
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FOREWORD 



The purpose of this Toxicological Review is to provide scientific support and rationale 
for the hazard and dose-response assessment in IRIS pertaining to chronic exposure to vinyl 
chloride. It is not intended to be a comprehensive treatise on the chemical or toxicological 
nature of vinyl chloride. 



In Section 6, EPA has characterized its overall confidence in the quantitative and 
qualitative aspects of hazard and dose response. Matters considered in this characterization 
include knowledge gaps, uncertainties, quality of data, and scientific controversies. This 
characterization is presented in an effort to make apparent the limitations of the assessment and 
to aid and guide the risk assessor in the ensuing steps of the risk assessment process. 



For other general information about this assessment or other questions relating to IRIS, 
the reader is referred to EPA’s Risk Information Hotline at 202-566-1676. 
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1. INTRODUCTION 



This document presents background and justification for the hazard and dose-response 
assessment summaries in EPA’s Integrated Risk Information System (IRIS). IRIS summaries 
may include an oral reference dose (RfD), inhalation reference concentration (RfC), and a 
carcinogenicity assessment. 



The RfD and RfC provide quantitative information for noncancer dose-response 
assessments. The RfD is based on the assumption that thresholds exist for certain toxic effects 
such as cellular necrosis, but may not exist for other toxic effects, such as some carcinogenic 
responses. It is expressed in units of mg/kg-day. In general, the RfD is an estimate (with 
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human 
population (including sensitive subgroups) that is likely to be without an appreciable risk of 
deleterious noncancer effects during a lifetime. The inhalation RfC is analogous to the oral RfD, 
but provides a continuous inhalation exposure estimate. The inhalation RfC considers toxic 
effects for both the respiratory system (portal-of-entry) and for effects peripheral to the 
respiratory system (extrarespiratory or systemic effects). It is generally expressed in units of 
mg/m3. 



The carcinogenicity assessment provides information on the carcinogenic hazard 
potential of the substance in question and quantitative estimates of risk from oral exposure and 
inhalation exposure. The information includes a weight-of-evidence judgment of the likelihood 
that the agent is a human carcinogen and the conditions under which the carcinogenic effects 
may be expressed. Quantitative risk estimates are presented in three ways. The slope factor is 
the result of application of a low-dose extrapolation procedure and is presented as the risk per 
mg/kg/day. The unit risk is the quantitative estimate in terms of either risk per µg/L drinking 
water or risk per µg/m3 air breathed. Another form in which risk is presented is a drinking water 
or air concentration providing cancer risks of 1 in 10,000; 1 in 100,000; or 1 in 1,000,000. 



Development of these hazard identification and dose-response assessments for vinyl 
chloride has followed the general guidelines for risk assessment as set forth by the National 
Research Council (1983). EPA guidelines that were used in the development of this assessment 
may include the following: the Guidelines for Carcinogen Risk Assessment (U.S. EPA, 1986a), 
Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1986b), Guidelines 
for Mutagenicity Risk Assessment (U.S. EPA, 1986c), Guidelines for Developmental Toxicity 
Risk Assessment (U.S. EPA, 1991), Proposed Guidelines for Neurotoxicity Risk Assessment 
(U.S. EPA, 1995a), Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998b), Proposed 
Guidelines for Carcinogen Risk Assessment (1996a), and Reproductive Toxicity Risk Assessment 
Guidelines (U.S. EPA, 1996b); Recommendations for and Documentation of Biological Values 
for Use in Risk Assessment (U.S. EPA, 1988); (proposed) Interim Policy for Particle Size and 
Limit Concentration Issues in Inhalation Toxicity (U.S. EPA, 1994a); Methods for Derivation of 
Inhalation Reference Concentrations and Application of Inhalation Dosimetry (U.S. EPA, 
1994b); Peer Review and Peer Involvement at the U.S. Environmental Protection Agency (U.S. 
EPA, 1994c); Use of the Benchmark Dose Approach in Health Risk Assessment (U.S. EPA, 
1995b); Science Policy Council Handbook: Peer Review (U.S. EPA, 1998a); and memorandum 
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from EPA Administrator, Carol Browner, dated March 21, 1995, Subject: Guidance on Risk 
Characterization (U.S. EPA, 1995c). 



Literature search strategies employed for this compound were based on the CASRN and 
at least one common name. At a minimum, the following databases were searched: RTECS, 
HSDB, TSCATS, CCRIS, GENETOX, EMIC, EMICBACK, DART, ETICBACK, TOXLINE, 
CANCERLINE, MEDLINE, and MEDLINE backfiles. Any pertinent scientific information 
submitted by the public to the IRIS Submission Desk was also considered in the development of 
this document. 



2. CHEMICAL AND PHYSICAL INFORMATION RELEVANT TO ASSESSMENTS 



Common synonyms of vinyl chloride (VC) include chloroethene, chloroethylene, 
ethylene monochloride, and monochloroethene. Some relevant physical and chemical properties 
of VC are listed below (Sax and Lewis, 1989): 



CASRN: 75-01-4�
Empirical formula: C2H3Cl�
Structural formula: CH2 = CHCl�
Molecular weight: 62.5�
Vapor pressure: 2,660 mm Hg at 25°C�
Water solubility: 2,763 mg/L (U.S. EPA, 1985); 1,100 mg/L (Cowfer and Magistro,�



1983) 
Log KOW: 1.36 (NIOSH, 1986) 
Conversion factor: 1 ppm = 2.60 mg/m3, 1.0 mg/m3 = 0.39 ppm 



VC is a synthetic chemical used as a chemical intermediate in the polymerization of 
polyvinyl chloride. At room temperature and pressure, it is a colorless gas with a mild, sweet 
odor. As the data shown above indicate, VC is poorly soluble in water. Structurally, VC is a 
haloalkene and is related to vinylidene chloride and trichloroethylene. In the following pages 
VC refers to the monomer and PVC to polyvinylchloride, the polymerized form. 



3. TOXICOKINETICS/TOXICODYNAMICS RELEVANT TO ASSESSMENTS 



Human and animal data indicate that VC is rapidly and efficiently absorbed via the 
inhalation and oral routes, is rapidly converted to water-soluble metabolites, and is rapidly 
excreted. At low concentrations, VC metabolites are excreted primarily in urine, while at high 
exposure concentrations, unchanged VC is also eliminated in exhaled air.  Overall, the data 
indicate that neither VC nor its metabolites are likely to accumulate in the body. 



Absorption of VC in humans after inhalation exposure is rapid. A study conducted in 
five young adult male volunteers inhaling VC at concentrations of 7.5 to 60 mg/m3 showed that 
42% was retained, maximum retention was reached within 15 minutes, and the percent retention 
was independent of inspired VC concentration. Individual variation, however, was high, with 
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mean retention values after 6 hours exposure to 30 mg VC/m3 ranging from 30% to 71%. After 
cessation of exposure, the VC concentration in expired air decreased rapidly within 30 minutes to 
4% of the inhaled concentration (Krajewski et al., 1980). Animal inhalation studies also show 
that VC is rapidly absorbed. Exposure of male Wistar rats (number/group unspecified) to 1,000, 
3,000, or 7,000 ppm VC (99.9% pure) for 5 hours using a head-only apparatus resulted in rapid 
uptake into the blood, as measured by gas-liquid chromatography (GLC) (Withey, 1976). 
Equilibrium blood levels were achieved within 30 minutes for all exposures. Upon cessation of 
exposure, blood levels declined to a barely detectable level after 2 hours. Rat studies show that 
the distribution of VC is rapid and widespread, but the storage of VC in the body is limited by its 
rapid metabolism and excretion (Bolt et al., 1977). 



No human studies of absorption of ingested VC were located. Animal studies show that 
VC absorption following oral exposure is rapid and complete. Peak blood levels were reached 
within 10 minutes when VC was administered to male rats by gavage in an aqueous solution at 
doses up to 92 mg/kg (Withey, 1976). In the same study, more complex and slightly delayed 
absorption was observed following VC gavage in oil, although peak blood levels were reached 
within 40 minutes (Withey, 1976). At 72 hours after a single gavage dose of 100 mg/kg VC in 
oil, unmetabolized VC was detected in exhaled air, indicating that metabolism was saturated 
(Watanabe and Gehring, 1976; Watanabe et al., 1976a). Saturation of VC metabolism has also 
been observed following inhalation exposure (Watanabe and Gehring, 1976; Watanabe et al., 
1976b). In rats fed VC monomer in a PVC powder, the average amount of VC detected in feces 
was 8%, 10%, and 17% for oral intake of 2.3, 7.0, and 21.2 mg/kg-day (Feron et al., 1981). 
Because the remaining material was reported as still enclosed in PVC granules, free VC 
monomer is considered nearly, if not completely, absorbed in the GI tract.  In using this study for 
quantitating risk, as is done in this assessment, dose was considered to be the amount ingested 
minus that recovered in the feces. Complete absorption is assumed for humans ingesting VC 
monomer. 



Numerous studies on the pharmacokinetics and metabolism of VC have been conducted, 
with the majority of these studies conducted in rats (Withey, 1976; Hefner et al., 1975; 
Guengerich and Watanabe, 1979; Bolt et al., 1976, 1977; Watanabe et al., 1976a,b, 1978; 
Jedrychowski et al., 1984, 1985; Tarkowski et al., 1980). As discussed in Sections 5.1.2, 5.2.2, 
and 5.3.3, both the cancer and noncancer assessments were conducted using a physiologically 
based pharmacokinetic (PBPK) model (Clewell et al., 1995a,b) in which VC metabolism was 
hypothesized to occur via two saturable pathways. Therefore, VC metabolism is discussed in 
some detail here as part of the background for the development of the model. A simplified 
diagram of the metabolism of VC is shown in Figure 1. The primary route of metabolism of VC 
is by the action of cytochrome P450 or CYP on VC to form chloroethylene oxide (Bolt et al., 
1977; Plugge and Safe, 1977). Chloroethylene oxide (CEO) is a highly reactive, short-lived 
epoxide, some of which rapidly rearranges to form chloroacetaldehyde (CAA), a reactive "
halocarbonyl compound; CEO is also a substrate for epoxide hydrolase (Pessayre et al., 1979). 



These two metabolites are detoxified mainly via glutathione (GSH) conjugation 
(Jedrychowski et al., 1985; Leibman, 1977; Tarkowski et al., 1980). This hypothesis is 
supported by the observation of decreased nonprotein sulfhydryl concentrations at high VC 
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Figure 1.   of vinyl chloride.



exposure concentrations (Jedrychowski et al., 1985; Tarkowski et al., 1980), as well as by the
excretion of GSH-conjugated metabolites in the urine, observed in rats following exposure to VC
(Watanabe et al., 1976c; Hefner et al., 1975).   also combine directly or enzymatically
with GSH via glutathione transferase (GST) to form S-formylmethylglutathione.  
formylmethylglutathione, through direct interaction with GSH-derived cysteine, can be excreted
as N-acetyl-S-(2-hydroxyethyl)cysteine, another major urinary metabolite of VC (Green and
Hathway, 1975).  ates are then subject to hydrolysis, resulting in excretion of
cysteine conjugates in the urine (Hefner et al., 1975).   
metabolites of VC in rats have been identified as N-acetyl-S-(2-hydroxyethyl)cysteine and
thiodiglycolic acid (Watanabe et al., 1976b).  



The specific isozymes of the P450 system involved in the metabolism of VC have not yet
been unequivocally established.  
several isozymes can play a role.  h-affinity, low-capacity oxidation by CYP2E1 is probably
responsible for essentially all of the metabolism of VC at low concentrations in uninduced
animals and humans (Guengerich et al., 1991).  nificant increase
in metabolism in animals pretreated with phenobarbital (Ivanetich et al., 1977), suggesting that
CYP2B1 also metabolizes VC.  h concentrations in vivo, the metabolism of VC in rats
leads to a destruction of P450 enzyme (Reynolds et al., 1975), which is greatly enhanced in
phenobarbital- or Aroclor-induced animals (Aroclor induces CYP1A2).  
been suggested to result from the production of reactive intermediates during the metabolism of
VC (Guengerich and Strickland, 1977) and is inhibited by GSH in vitro (Ivanetich et al., 1977). 
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Induction of P450 by phenobarbital or Aroclor was also necessary to produce acute 
hepatotoxicity from VC in rats (Jaeger et al., 1977), indicating that VC toxicity is increased by 
increased P450 activity. 



The contribution of several P450 isozymes to the metabolism of the related compound 
trichloroethylene (TCE) has been studied in the male Wistar rat and male B6C3F1 mouse 
(Nakajima et al., 1993). Using monoclonal antibodies specific to each isozyme, the investigators 
were able to determine that CYP2E1 contributes more to the metabolism of TCE in mice than in 
rats, whereas CYP2C11/6, a constitutive, noninducible isozyme present only in male rodents, 
contributes more to the metabolism of TCE in rats than in mice. The investigators also found 
that CYP1A1/2 contributes to the uninduced metabolism of TCE in mice but not in rats and that 
CYP2B1 does not contribute to the metabolism of TCE in naive animals of either species. Thus, 
assuming that the same isozymes are responsible for metabolism of TCE and VC, it appears that 
at low concentrations the initial metabolism of VC is primarily due to CYP2E1, but that at 
higher concentrations, where CYP2E1 becomes capacity limited, other CYP isozymes may 
contribute to its metabolism. The extent of this higher capacity metabolism is likely to vary 
across animal species, strain, and sex.  To the extent that such higher capacity, lower affinity 
metabolism (referred to henceforth as “non-2E1” metabolism) may be important in conducting a 
risk assessment for VC, it will have to be characterized separately for each species, strain, and 
sex of interest. From a pharmacokinetic modeling perspective, non-2E1 metabolism would be 
handled as a second saturable metabolic pathway with a larger concentration for the Michaelis-
Menten constant (KM). For example, it has been demonstrated that the metabolism of another 
related compound, vinyl bromide, is best described with two distinct saturable pathways having 
different affinities (Gargas and Andersen, 1982). Of major importance for human risk 
assessment, some of the low-affinity, high-capacity constitutive (2C11/6) and inducible (2B1/2) 
P450 isozymes in the rodent may have no human correspondents (Guengerich, 1987). 



Reflecting the dose-dependent, saturable nature of VC metabolism, the route and nature 
of VC elimination is also dose related (Green and Hathway, 1975; Bolt, 1978; Hefner et al., 
1975; Gehring et al., 1978). Following exposure via oral or inhalation routes to low doses of 
VC, metabolites are excreted primarily in the urine.  However, once the saturation point for 
metabolism is reached, VC is eliminated via other routes, primarily exhalation of the parent 
compound (Watanabe et al., 1976b; Watanabe and Gehring, 1976). The route of elimination of 
VC also depends on the route of administration. Urinary excretion is favored more following 
oral or intraperitoneal administration, while 99% of the same dose administered intravenously 
was exhaled (Bolt, 1978). This may be the result of a high peak concentration with intravenous 
administration, combined with a relatively low blood-to-air partition coefficient, resulting in 
elimination from the blood via the lungs before a significant amount of urinary clearance can 
occur. 



4. HAZARD IDENTIFICATION 



4.1.	 STUDIES IN HUMANS—EPIDEMIOLOGY, CASE REPORTS, CLINICAL 
CONTROLS 



4.1.1. Cancer Effects 
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Several independent retrospective and prospective cohort studies demonstrate a 
statistically significant elevated risk of liver cancer, primarily angiosarcomas, a neoplasm arising 
from vascular endothelial cells in the liver, but in many cases hepatocellular carcinoma (a 
neoplasm arising from epithelial cells in the liver) as well, from exposure to VC (Byren et al., 
1976; CMA et al., 1998a; Du and Wang, 1998; Fox and Collier, 1977; Jones et al., 1988; 
Monson et al., 1975; Pirastu et al., 1990, 1998; Simonato et al., 1991; Tabershaw and Gaffey, 
1974; Waxweiler et al., 1976; Weber et al., 1981; Wong et al., 1991; Wu et al., 1989). Although 
Duck et al. (1975) failed to find a significant increase in liver cancer, they did report one case of 
liver angiosarcoma. The possible association of brain soft tissue and nervous system cancer with 
VC exposure was also reported in some studies (Byren et al., 1976; CMA et al., 1998a; Cooper, 
1981; Tabershaw and Gaffey, 1974; Waxweiler et al., 1976; Weber et al., 1981; Wong et al., 
1991; Wu et al., 1989), although it should be noted that four of these studies are based upon the 
same cohort, which has been updated periodically. Several studies have found an association 
between VC exposure and cancer of the hematopoietic and lymphatic systems (Simonato et al., 
1991; Weber et al., 1981). Observed increases in other studies fell below statistical significance 
because of the small numbers of these types of cancers (Tabershaw and Gaffey, 1974). VC 
exposure has also been associated with lung cancer (Buffler et al., 1979; Monson et al., 1975; 
Waxweiler et al., 1976); however, the evidence is weaker than for liver cancer and may be due to 
inhalation of PVC. Ott et al. (1975) reported an increase in deaths due to all malignancies, 
although none of them were due to angiosarcoma. An excess of melanoma was reported in one 
study (Heldaas et al., 1984), but other studies have not substantiated this report. 



The first report of an association between exposure to VC and cancer in humans was 
published by Creech and Johnson (1974): three cases of liver angiosarcoma were reported in 
men employed in a PVC plant. Angiosarcoma of the liver is considered to be a very rare type of 
cancer, with only 20-30 cases per year reported in the United States (Gehring et al., 1978; 
ATSDR, 1995). As described in the following paragraphs, greater than expected incidences of 
angiosarcoma of the liver have since been reported in a number of other cohorts of workers 
occupationally exposed to VC. 



In a proportionate mortality study analyzing the causes of death of 142 workers exposed 
to VC or VC/PVC, Monson et al. (1975) found an excess incidence of liver cancer (8 observed 
vs. 0.7 expected). Five of these were angiosarcomas. The study also found an excess of brain 
cancer (5 observed vs. 1.2 expected) and lung cancer (13 observed vs. 7.9 expected); all three of 
the brain tumors for which the type was identified were glioblastoma multiformae.  No statistical 
analysis was conducted by tumor target. 



Byren et al. (1976) reported a significantly elevated risk of pancreas/liver cancer (4 
observed vs. 0.97 expected) in a cohort of 750 Swedish workers exposed to VC. Two of the four 
were identified as angiosarcomas of the liver only after reevaluation. The excess risk increases 
when latency is considered. The expected number of deaths was 0.68 for a latency period of >10 
years, whereas all 4 observed deaths were exposed earlier than 10 years before death. This study 
also found a small excess of brain cancer (2 observed vs. 0.33 expected). 



Waxweiler et al. (1976) found a significantly elevated risk (7 observed vs. 0.6 expected) 
of liver cancer in a cohort of 1,294 workers exposed to VC for a minimum of 5 years and 
followed for 10 or more years. In a separate phase of the study, the authors identified 14 cases 
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of liver and biliary cancer, 11 of which were angiosarcomas. Several of the identified subjects 
were not included in the main study because they were still alive, or because they did not meet 
the minimum criteria for inclusion in the cohort. Brain cancer incidence was significantly 
increased in workers observed for 15 years or more after initial exposure (3 observed vs. 0.6 
expected); a nonsignificant increase was observed for a 10-year latency.  An additional seven 
cases of brain cancer were identified in subjects who did not qualify for inclusion in the cohort 
study. Nine of the 10 brain cancers were glioblastoma multiforme; a histological analysis was 
not available for the tenth. By contrast, the study authors stated that this distribution of cell type 
typically occurs in only 33% of brain cancer deaths. The cohort study also found a slight excess 
risk of lymphatic and hematopoietic system cancer (4 observed vs. 2.5 expected). Of the 14 
cases of primary lung cancer identified, 5 were large cell undifferentiated, 3 were 
adenocarcinomas, and there were no squamous cell or small cell bronchiogenic carcinomas, 
suggesting that these cancers were not associated with smoking. In a later study of 4,806 
workers at the same plants, for workers exposed to polyvinyl PVC dust and several other 
chemicals, but not VC, an elevated risk of lung cancer was found (Waxweiler et al., 1981). The 
study authors considered PVC to be the likely etiologic agent inducing lung cancer. While the 
association with PVC dust could have been due to VC trapped in the dust, this did not explain 
the fact that exposure to VC alone was not associated with lung cancer in their study. 



While a large number of occupational studies reported an association between VC and 
liver angiosarcoma, quantitative exposure information is available for only a few studies. Fox 
and Collier (1977) reported four cases of liver cancer, two of which were angiosarcomas, in a 
cohort of 7,717 British VC workers. The study authors grouped the subjects by estimated 
exposure levels and exposure duration. From these data, average exposure levels have been 
estimated as 12.5, 70, and 300 ppm (Clement Associates, 1987) or 11, 71, and 316 ppm (Chen 
and Blancato, 1989). Because workers were classified based on the maximum exposure for each 
worker, cumulative exposure is overestimated, leading to a probable underestimation of risk 
using these data. Both angiosarcoma cases were considered to have had high exposure to VC at 
the level of 200 ppm and above time-weighted average. There was no effect on other cancers in 
comparison with cancer rates in England and Wales. In a follow-up study, Jones et al. (1988) 
analyzed mortality in 5,498 male VC workers. This study found a significant excess of primary 
liver tumors, with 11 deaths, 7 of which were angiosarcomas. The median latency for 
angiosarcomas was 25 years. 



Weber et al. (1981) examined mortality patterns in 7,021 German and Austrian VC/PVC 
workers and 4,007 German PVC processing workers. Comparisons were with West German 
population death rates. A significantly elevated risk of liver cancer (12 observed vs. 0.79 
expected) was observed in the VC/PVC cohort, but a significant increase (4 observed vs. 1 
expected) was also observed in an unexposed reference group. However, the risk in the VC 
cohort increased with exposure duration. The study authors implied that four cases of 
angiosarcoma were identified in the study cohort, although it was not clear if all of the cases 
belonged to this cohort. A significant excess risk of brain cancer (Obs = 5, SMR = 535, 
p < 0.05) was also observed in the PVC processing workers, but not in VC/PVC workers. Risk 
of lymphatic and hematopoietic cancer (Obs = 15, SMR = 214) was significantly increased in 
VC/PVC production workers, and there was a tendency for increased risk at longer exposure 
durations. 
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In a preliminary mortality follow-up study of 464 workers at an Italian VC production 
facility, a significant excess of respiratory cancers was observed (Obs = 5, SMR = 289, p < 
0.03). The excess remained after correction for smoking and was associated with longer 
exposure durations and higher exposure levels (Belli et al., 1987). A significant excess of lung 
cancer was also noted in a cohort of 437 VC/PVC workers. 



Smulevich et al. (1988) investigated a cohort of 3,232 workers (2,195 men, 1,037 
women) in a Soviet VC/PVC chemical plant. No cases of angiosarcoma or other liver tumors 
were reported. Workers who were highly exposed to VC (> 300 mg/m3) had a significantly 
elevated risk of lymphomas and leukemias (apparently 7 observed vs. about 1.1 expected for 
combined men and women, but there are inconsistencies in the reported numbers). The risk of 
brain cancer was elevated in women (Obs = 2, SMR = 500), but the effect was not statistically 
significant and the incidence in men was unaffected. This is the only study to date that included 
a significant number of females in the cohort. It is of interest that, of the 19 malignancies 
reported in this cohort, none were mammary tumors, although mammary cancer increases were 
found in some of the animal bioassays of VC. 



Simonato et al. (1991) reported on the results of a large multicentric cohort study of 
12,706 VC/PVC workers in European plants. A significant increase in liver cancer deaths was 
observed (Obs = 24, SMR = 286). Workers were classified based on maximum exposure level 
into ranges of < 50 ppm, 50-499 ppm, and $ 500 ppm. Estimating an average exposure duration 
of 9 years, average exposure levels for these groups can be estimated at 25, 158, and 600 ppm. 
Histopathology was available for 17 of the liver cancers; 16 were confirmed as angiosarcoma 
and 1 was a primary liver cancer. The excess risk from liver cancer was related to the time since 
first exposure, duration of exposure, and estimated total exposure. A nonsignificant increase of 
lymphosarcoma was observed (SMR = 170, 95% CI = 69-351). While there appeared to be a 
small positive trend with increasing rank of exposure, there was no relationship to duration of 
employment. Brain cancer had an elevated risk in certain analyses, but there was no clear 
relationship to exposure duration; there was no excess risk of lung cancer. 



Lelbach (1996) reported on the course of VC-induced disease in 21 PVC production 
workers. Death was due to liver cancer in 19 of these cases. While the predominant tumor type 
was angiosarcoma, hepatocellular and colangiocellular carcinoma were also found. Latency 
periods ranged from 12 to 34 years, with a mean of 22 years. Younger age at first exposure, 
younger than 27 years, seemed to have been accompanied by shorter latency periods. 



Lee et al. (1996) described the time course and pathology of 20 patients who died from 
angiosarcoma of the liver after occupational exposure to VC in Great Britain. Exposure periods 
ranged from 3 to 29 years, with tumors developing after 9 to 35 years from beginning of 
exposure. 



The annual incidence of angiosarcoma of the liver in Great Britain from all sources was 
estimated to be about 1.4 cases per 10 million population (Elliot and Kleinschmidt, 1997). Of 10 
cases that were confirmed as angiosarcomas by histological analysis, 9 were VC workers. The 
other individual was employed at a VC factory, although not as a VC worker. Since even this 
individual could be presumed to have some exposure to VC, it was concluded that there were no 
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confirmed nonoccupationally exposed cases of angiosarcoma among residents living near a VC 
site in Great Britain. 



Pirastu et al. (1990) evaluated clinical, pathological, and death certificate data for 63 
deaths in three VC/PVC manufacturing or PVC extruding plants in Italy.  Fourteen deaths from 
primary liver cancer were found, seven of which were identified as angiosarcoma and two of 
which were hepatocellular carcinoma. No comparison to a control population was conducted. 
However, the authors stated that this study indicated a relationship between VC exposure and 
primary liver cancer, as well as with angiosarcoma. 



In an update of this cohort, Pirastu et al. (1998) evaluated cause-specific mortality rates 
among male workers employed in VC manufacture and polymerization in the three Italian 
plants: Ferrara, Rosignano, and Ravenna. The cohorts included all workers hired between start 
of operation and 1985, 1978, and 1985, respectively, amounting to 418, 206, and 635 subjects 
followed up for mortality until 1996 (Ferrara and Rosignano) and 1997 (Ravenna). The study 
detected an increased mortality for primary liver cancer in all three plants; SMR values were 444 
in Ferrara (4 Obs. 90% CI = 160-1069), 200 in Rosignano (1 Obs. 90% CI = 10-869), and 375 in 
Ravenna (3 Obs. 90% CI = 108-390). In one plant, Ferrara, observed mortality was also above 
expected for lung cancer, SMR = 146 (14 Obs. 90% CI = 89-229) and for larynx cancer, SMR = 
500 (4 Obs. 90% CI = 174-1167). The possibility that lung cancer induction was caused by 
PVC, however, could not be ruled out. 



Du and Wang (1998) reported morbitiy odds ratio (MOR) for 2,224 workers with 
occupational exposure to VC in Taiwan. A significantly increased risk of hospital admission 
among VC workers due to primary liver cancer (MOR 4.5-6.5), cirrhosis of the liver (MOR 1.7-
2.1), and other chronic diseases (MOR 1.5-2.0) was found. There were eight cases of primary 
liver cancer, all with heavy previous exposure to VC. Another four cases of liver cancer in PVC 
workers were found in the death registry. Ten of 11 cases of liver cancer with detailed medical 
information were carriers of hepatitis B virus. Of the 11 cases of liver cancer, four were 
confirmed to be hepatocellular carcinoma by histology.  Two others had extremely high 
concentrations of a-fetoprotein, an indicator of hepatocellular carcinoma. The diagnosis of the 
remaining six cases was uncertain. 



In a preliminary report with only 85% follow-up completed, Tabershaw and Gaffey 
(1974) compared mortality in a cohort of 8,384 men occupationally exposed to VC with death 
rates among U.S. males. Each VC plant classified workers as exposed to high, medium, or low 
levels of VC, but no quantitative estimate of exposure was provided, and no attempt was made to 
establish consistent gradations of exposure between plants or exposure periods. No significant 
increases in any general cancer classification were found. However, six cases of angiosarcoma 
identified by other investigators occurred in the study population; only two of these were 
identified as angiosarcomas on the death certificate. The study authors also noted that 6 of 17 
(40%) deaths in the category “other malignancies” were due to brain cancer. The authors stated 
that only 22% of the deaths in this category would be expected to be due to this cause, but they 
did not provide any supporting documentation. This preliminary report also noted a slight 
excess risk of lymphomas (5 observed vs. 2.54 expected) in the group with the higher exposure 
index. 
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Cooper (1981) enlarged the Tabershaw and Gaffey (1974) study to include 10,173 VC 
workers; vital status was ascertained for 9,677 men. Cooper noted that, of the nine 
angiosarcomas identified in the United States during the study period, eight were included in the 
study cohort. Statistical analyses were conducted for broad categories of tumors; a significant 
increase (Obs = 12, SMR = 203, p < 0.05) was observed for brain and central nervous system 
malignancies. 



Wu et al. (1989) investigated a cohort of 2,767 VC workers in a single plant that was a

part of the industry wide cohort studied by Cooper (1981). Most of these workers had been

employed for fewer than 5 years. There was a significant excess risk of liver cancer (14 

observed vs. 4.2 expected). The incidence of angiosarcomas was not reported, but 12/18 liver

cancers were angiosarcomas in a larger cohort of 3,620 workers that included workers exposed 

to PVC, as well as the VC workers. In a case-control study with the controls taken from a

National Institute for Occupational Safety and Health (NIOSH) database, angiosarcomas were

related to higher cumulative exposure to VC, but other liver cancers were not. Brain and lung

cancer were elevated for the combined cohort, which was exposed to at least 19 other potentially

carcinogenic compounds in the plant, but were not elevated for the subcohort of VC workers.




In an update of the Cooper et al. (1981) cohort Wong et al. (1991) also found an 
association between VC exposure and liver angiosarcoma. Fifteen deaths from angiosarcoma 
were identified, a clear excess over the incidence in the general population, although no 
statistical analysis was conducted for this malignancy. This study also attempted to determine 
whether other cancers were associated with VC exposure. Excluding the 15 angiosarcomas 
identified from death certificates, a significant increase was observed in liver and biliary tract 
cancers alone (Obs = 22, SMR = 386, p < 0.02). However, the study authors suggested that 
these 22 cancers probably included some cases of angiosarcoma that were misdiagnosed. Based 
on a comparison of death certificates and pathology records in 14 cases, the authors estimated 
that the correct number of primary liver/biliary tract cancers (excluding angiosarcomas) was 14, 
which was still significantly increased over background (SMR = 243, p < 0.01). Although this is 
an estimate, liver cells were the primary target site in 8 of the 14 pathology records. It can thus 
be assumed that VC is capable of inducing both liver angiosarcoma and hepatocellular 
carcinoma. This study also found a significantly increased risk of cancer of the brain and central 
nervous system (Obs = 23, SMR = 180, p < 0.05). There was no excess in cancer of the 
respiratory system or the lymphatic and hematopoietic systems. Expected deaths were based 
upon U.S. mortality rates, standardized for age, race, and calendar time. 



CMA (1998a) updated the Wong et al. (1991) study through 1995. This study was also

designed to evaluate possible induction of cancer at sites other than the liver. In this study all

liver and biliary cancers were included in a single category. Mortality rate for these cancers,

based upon 80 deaths, was again significantly increased (SMR = 359; 95% CI = 284-446). The

SMRs increased with duration of exposure from 83 (95% CI = 33-171) to 215 (95% CI = 103-

396) to 679 (95% CI = 483-929) and to 688 (95% CI = 440-1023) for those exposed from 1-4

years, 5-9 years, 10-19 years and 20 years or more, respectively. Mortality from brain and CNS

cancer showed an excess based on 36 deaths (SMR = 142; 95% CI = 100-197). The elevation

was statistically significant for those exposed 5-9 years (SMR = 193; 95% CI = 96-346) and for

those exposed 20 years or more (SMR = 290; 95% CI = 132-551). Finally, mortality from

connective and other soft tissue cancers, based upon 12 deaths, was also increased significantly
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(SMR = 270; 95% CI = 129-472). The increases were significant for those exposed 10-19 years

(SMR = 477; 95% CI = 155-1113) and 20 or more years (SMR = 725; 95% CI = 197-1856). The

latter cause of death category had not been evaluated in the Wong et al. (1991) study. While

SMRs for brain cancer were elevated among men exposed 20 or more years, the SMR was

highest for those hired during the period 1960-1972 and lowest for those hired before 1950. 

Also, no trend was seen for higher SMRs based on time since first exposure occurred. The

authors suggested that some of the earlier cohort may have been exposed to another carcinogen

prior to employment.




In conclusion, there exists strong evidence of a causal relationship between exposure to

VC in humans and a significant excess risk of liver angiosarcoma. There is also highly

suggestive evidence of a causal relationship with hepatocellular carcinoma, despite some

uncertainty regarding incidence of hepatocellular tumors, because of some angiosarcomas

possibly being misdiagnosed as hepatocellular carcinoma. Because of the likelihood that both

types of tumors are induced by VC, and because misdiagnosis is likely in some of the studies, it

is reasonable to include both tumor types in any risk analysis. Lung cancer has also been

associated with VC exposure in some studies, but based on the data of Waxweiler et al. (1981),

the increased risk of lung cancer observed in some cohorts may be due to exposure to PVC dust

rather than VC. A relationship among brain cancer and soft-tissue lymphopoietic and

hematopoietic cancers has been noted in some studies, although it is weaker than for liver 

cancer. In the review article by Blair and Kazerouni (1997) it is stated that because of the large

size of the cohorts examined, demonstrating a strong exposure-response relationship for

angiosarcoma of the liver and at the same time showing no evidence of an exposure-response

gradient for other nonliver tumors (e.g., leukemia, brain, lung, pancreas, mammary), vinyl

chloride is not likely to be associated strongly with cancers other than liver in humans. 

Nevertheless, on the basis of small but statistically significant increases in brain and soft tissue

sarcomas in the large updated cohort reported on by CMA (1998a), the evidence for induction of

cancer at these sites may be considered suggestive.




As discussed in Section 5.3, the dose-response assessment for cancer is based on liver

angiosarcomas, angiomas, hepatomas, and neoplastic nodules because liver tumors lead to the

strongest causal association with VC exposure and because angiosarcomas in particular are rare

in unexposed humans and laboratory animals. Blair and Kazerouni (1997) indicated that the data

in humans suggested VC is not likely to be associated with cancers other than the liver. Further

attempts to estimate cancer risk based upon tumor induction in animal bioassays at other sites,

such as mammary glands, resulted in much greater uncertainty because responses were quite

variable and not always statistically significant, and because the magnitude of the cancer risk

estimated was, with few exceptions, considerably less than the risk of liver tumors. Finally,

although cancer incidence was reported to be significantly increased at two other sites in a recent

epidemiology study (CMA, 1998a), the association is weak and any estimated increase in

mortality from cancer at these sites is likely to be less than for liver cancer. Upon the basis of 

the available evidence it was therefore concluded that the liver is the most sensitive site and, as a

result, protection against liver cancer should be protective against other cancers as well.
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4.1.2. Noncancer Effects 



Several epidemiology and case studies have associated chronic occupational exposure to 
VC with impaired liver function and/or biochemical or histological evidence of liver damage, 
notably subcapsular, portal, and perisinusoidal fibrosis; hyperplasia of hepatocytes and 
sinusoidal cells; and portal hypertension (Buchancova et al., 1985; Doss et al., 1984; Gedigk et 
al., 1975; Lilis et al., 1975; Marsteller et al., 1975; Popper and Thomas, 1975; Tamburro et al., 
1984). Focal hepatocellular hyperplasia and focal mixed (hepatocytes and sinusoidal cells) 
hyperplasia are early histological alterations indicative of VC exposure (Popper and Thomas, 
1975) and are the principal anatomic lesions in VC-associated liver disease (Berk et al., 1976). 
Doss et al. (1984) reported coproporphyrinuria in 46 males occupationally exposed to VC for 18 
months to 21 years. Gedigk et al. (1975) correlated liver damage manifested as parenchymal 
damage, fibrosis, and proliferation of the sinusoidal cells with duration of exposure to VC in 51 
patients. The severity of degenerative lesions increased with increasing duration of exposure 
and appeared to be reversible upon exposure cessation. Another study reported the progressive 
nature of the liver changes that resulted in “chronic hepatitis” (Lilis et al., 1975). Thresholds for 
hepatotoxicity cannot be identified because data regarding exposure concentrations and duration 
were not available. The symptoms and signs of liver disease associated with occupational 
exposure to VC include pain or discomfort in the right upper quadrant of the abdomen, 
hepatomegaly, splenomegaly, and thrombocytopenia, in addition to fibrosis, cirrhosis, and portal 
hypertension; however, these observations are not pathognomonic for VC-induced liver disease 
(Lilis et al., 1975; Marsteller et al., 1975; Popper and Thomas, 1975). Fibrosis frequently occurs 
in the elderly and in patients with diabetes mellitus (Popper and Thomas, 1975). 



Ho et al. (1991) reported liver dysfunction in 12 of 271 workers (4.8%) who were 
reportedly exposed to environmental levels of 1 to 20 ppm VC, with a geometric mean of 6 ppm 
(15 mg/m3). The affected workers, ranging from 19 to 55 years of age, were identified as a 
result of a medical surveillance program of various nonspecific biochemical liver function tests. 
In addition to repeated abnormalities in these tests, four workers had hepatomegaly, four had 
hepatosplenomegaly, two others had splenomegaly, and the remaining two were normal. An 
improvement in liver function testing was claimed to be noted in some (number unclear from the 
text) of these affected workers within 6 months to 2 years after removal from exposure; liver 
function tests for 2 of these workers who returned to work were reported to have became 
abnormal again. Although this study suggests effects in humans at very low levels of VC 
monomer exposure, the lack of specificity of liver tests, the small number of workers involved, 
the fact that 8 of the 12 affected workers were current or ex-drinkers, and aspects of the exposure 
assessment make the results problematic to interpret. For example, although exposures of 1-20 
ppm are claimed in the report, all affected workers were reported to experience nausea, and 4 of 
the 12 reported dizziness, effects that would be expected to occur at or above the odor threshold, 
which is around 3,000 ppm (Amoore and Hautala, 1983). The affected subjects are 
acknowledged in the study as having been involved in washing tanks where VC concentrations 
as high as several thousand ppm were possible. Also, the significance of nonspecific clinical 
chemistry effects and their relationship to hepatic toxicity caused by vinyl chloride have been 
considered problematic by Feron et al. (1979), who state that there are few if any suitable 
parameters for early diagnosis of VC monomer disease in humans. On the other hand, Du et al. 
(1995) found that serum levels of gamma-glutamyl transferase (GGT), but not other indicators of 
liver function, were associated with exposure in a group of 224 VC workers with time-weighted 
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average exposure ranging from 0.36 to 74 ppm (0.92 to 189 mg/m3).  Hepatomegaly, altered 
liver function as shown by biochemical tests, and Raynaud’s phenomenon (RP, cold sensitivity 
and numbness of fingers) were reported in chemical plant workers exposed to 25 to 250 ppm VC 
(64 to 639 mg/m3) (Occidental Chemical Corporation, 1975, levels much higher than those 
claimed by Ho and associates. The major obvious problems in the Ho study may thus include 
grossly underreported exposure estimation, lack of a plausible association between VC exposure 
and minor nonspecific liver dysfunction, confounding from alcohol and other unknown factors 
that could affect liver function, and even lack of information or rates on liver dysfunction in the 
general population in this part of the world (southern Asia). However, this study does engender 
some uncertainty about the possibility that the effects seen could be due to human variability in 
response to the effects of VC monomer and should be considered in characterizing the human 
response, at least to the noncancer effects, from exposure to VC monomer. 



An occupational study attempted to correlate the effects of VC with the liver function of 
exposed workers (77 total), as measured by the plasma clearance of the 99mTc-N-(2,4
dimethylacetanilido)iminodiacetate (HEPIDA) complex (Studniarek et al., 1989). The duration 
of exposure varied from 3 to 17 years. Personal air samplers were used to determine the mean 
VC concentrations in 1982 at various regions of the plant. Polymerization operators (n = 13) had 
the highest mean exposure to VC, 30 mg/m3, with a mean duration of employment of 10 years. 
Autoclave cleaners (n = 9) and auxiliary personnel (n = 12) in polymerization rooms were 
exposed to mean concentrations of 9 mg/m3 for a mean duration of 8 and 12 years, respectively, 
while technical supervisors (n = 6) had the lowest mean VC exposure of 6 mg/m3 for a mean 
duration of 13 years. The investigators found a significant correlation between degree of 
exposure to VC and the frequency of low clearance values; however, no concentration-response 
relationship was detected among the groups with respect to plasma clearance of 99mTc-HEPIDA. 
This study is of limited value because personal air sampling was conducted for only 1 year. The 
yearly geometric means of VC atmospheric concentrations in various departments of the plant 
were provided, but these concentrations fluctuated dramatically between 0.1 and 600 mg/m3 



from 1974 to 1982. 



There was no evidence of decrements in pulmonary function over the course of a work 
shift in a group of 53 chemical, plastics, and rubber workers exposed to higher VC levels (up to 
250 ppm, 639 mg/m3) (Occidental Chemical Corporation, 1975). In an analysis of causes of 
death in a cohort of 10,173 VC workers for up to 30 years after the onset of exposure, the only 
noncancer cause for which the SMR was significantly elevated was emphysema (Dow Chemical 
Company, 1986). There was no correlation with exposure duration or latency.  There was also 
no control for smoking, although there was no excess of lung cancer. 



Insufficient data exist to evaluate the teratogenicity of VC in humans. Several 
epidemiology studies have investigated the effects of inhalation exposure to VC on the incidence 
of fetal loss and birth defects (Hatch et al., 1981; Infante et al., 1976; Waxweiler et al., 1977); 
however, no solid association has been found. Studies of communities near VC plants (Edmonds 
et al., 1978; Theriault et al., 1983) have found no clear association between parental residence in 
a region with a VC plant and the incidence of birth defects in the exposed community. 



Fontana et al. (1995) reported a 9% occurrence of clinical symptoms of RP in 128 retired 
patients who were exposed occupationally to VC. Although RP secondary to VC exposure can 
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still persist after the end of exposure, capillary lesions did not appear as the main physiological 
factor in the persistence of the RP. 



4.2.	 PRECHRONIC AND CHRONIC STUDIES AND CANCER BIOASSAYS IN 
ANIMALS—ORAL AND INHALATION 



Feron et al. (1981) administered diets containing 10% PVC with varying proportions of 
VC to Wistar rats. Diets were available to experimental animals for 4 hours per day, and food 
consumption and VC concentrations were measured at several times during the feeding period in 
order to account for loss of VC from the diet due to volatilization. This information was used to 
calculate the ingested dose. Evaporative loss averaged 20% over 4 hours. The ingested dose 
was adjusted downward by the amount of VC measured in the feces to arrive at the bioavailable 
doses of 0, 1.7, 5.0, or 14.1 mg/kg-day that were fed to Wistar rats (n = 80, 60, 60, and 80, 
respectively) for a lifetime. An additional group of 80/sex were administered 300 mg/kg-day by 
gavage in oil for 5 days/week for 83 weeks. The rats were 5 weeks old at the start of the study. 
They were weighed at 4-week intervals throughout the study. Hematological values were 
obtained at 13, 26, 52, 78, and 94 weeks, and blood chemistry was performed at 13, 26, 52, and 
106 weeks (n = 10). Urinalysis was performed on 10 animals per group at 13, 25, 52, 78, and 94 
weeks. All surviving animals were necropsied at week 135 (males) or week 144 (females). 
Interim sacrifices of 10 animals at 26 and 52 weeks included animals from the control and high-
dose groups. 



Feron et al. (1981) reported that there was no difference in body weights in the VC-
treated animals, although all groups (including the control) weighed significantly less than the 
controls fed ad lib (treated animals had access to food for only 4 hours/day). Significant clinical 
signs of toxicity in the 5.0 and 14.1 mg/kg-day groups included lethargy, humpbacked posture, 
and emaciation. Significantly increased mortality was seen consistently in males at 14.1 mg/kg
day and in females at 5.0 and 14.1 mg/kg-day.  No treatment-related effects on hematology, 
blood chemistry, or urinalysis parameters were observed. Relative liver weight was significantly 
increased at 14.1 mg/kg-day but was not reported for the other dose groups. 



In the Feron et al. (1981) study, a variety of liver lesions were observed histologically to 
be dose related and statistically significant in male and female rats. These included clear cell 
foci, basophilic foci, eosinophilic foci, neoplastic nodules, hepatocellular carcinoma, 
angiosarcoma, necrosis, cysts, and liver cell polymorphism. Several of these endpoints were 
significantly increased in the group exposed to 1.7 mg/kg-day.  Furthermore, basophilic foci 
were significantly (p < 0.05) increased at doses as low as 0.014 mg/kg-day and liver cell 
polymorphisms at doses as low as 0.13 mg/kg-day in a related study conducted at lower doses 
(Til et al., 1983, 1991); the Til et al. (1983) study is described in more detail below. The above 
lesions, with the exception of the angiosarcoma and bile duct cysts, derive from hepatocytes; 
angiosarcoma is derived from sinusoidal cells and cysts from bile duct epithelium.  Because the 
neoplastic nodules and altered hepatocellular foci are proliferative lesions indicative of changes 
in the cells from which hepatocellular carcinomas may be derived, and because these lesions 
occur at lower doses and higher incidences than the hepatocellular carcinomas, these lesions are 
likely to be preneoplastic. In addition, the fact that they occur at doses one to two orders of 
magnitude lower than other liver lesions, such as necrosis, indicates that these lesions probably 
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occur via a genotoxic mechanism, consistent with the known mechanism of VC carcinogenicity. 
By contrast, there are no indications that VC causes cancer via a cytotoxic mechanism, so the 
necrosis is not considered a preneoplastic effect. The incidence of necrosis was increased in a 
dose-related manner in both males (4/55 in controls, 4/58, 8/56, and 23/59 low to high dose) and 
females (5/57 in controls, 6/58, 19/59, and 27/57, low to high dose). The incidence was 
statistically significant in males receiving 14.1 mg/kg-day and in females receiving 5.0 mg/kg
day.  Liver cell polymorphism, another endpoint not considered preneoplastic (Schoental and 
Magee, 1957, 1959), was also significantly increased in males only (4/55 in controls, 16/58, 
28/56, and 42/59 low to high dose). Hepatic cysts were increased in females in a dose-related 
manner (9/57 in controls, 30/58, 41/59, and 49/57 low to high dose), whereas in males they were 
significantly increased only at the highest dose (16/59). Proliferation of sinusoidal cells, the 
source of angiosarcomas, showed a dose-related increase in males but did not achieve statistical 
significance. Increased tumor incidence was noted in all treated groups. Almost exclusively 
angiosarcomas were observed in males and females administered 300 mg/kg-day by gavage, 
while a mixture of angiosarcomas and hepatocellular carcinomas was observed at the mid and 
high dietary doses. Only hepatocellular carcinomas were reported at the low dose. Several other 
rare tumors were identified as possibly being associated with VC exposure. At least some of the 
observed pulmonary angiosarcomas (significant at p < 0.05) and extrahepatic abdominal 
angiosarcomas appeared to be primary tumors, since they were observed in animals with no liver 
angiosarcomas. The incidence of Zymbal gland tumors, a rare tumor type, also increased. These 
neoplasms occurred at and above doses of 5 mg/kg-day.  Abdominal mesotheliomas were 
elevated over controls in all dosed groups, but with no clear dose response. Incidence and 
analysis of tumors and noncancerous lesions in this study are presented below. 



The lifetime dietary study of Til et al. (1983, 1991) was performed in order to study a 
range of oral doses below that delivered in the Feron et al. (1981) study, since tumors were 
observed at all doses in the previous study. The oral doses were delivered in the same way 
except that the diets contained a final concentration of 1% PVC, rather than 10%. Wistar rats, 
beginning at 5 weeks of age (100/sex/dose) were administered doses (corrected for evaporative 
loss and the nonabsorbed portion in the feces) of 0, 0.014, 0.13, or 1.3 mg VC/kg/day for 149 
weeks. Mortality differences were not remarkable for males but were slightly increased for 
females receiving 1.3 mg/kg-day.  Relative organ weights were not evaluated. Angiosarcomas 
were observed in one high-dose male and two high-dose females. Other significant increases in 
tumors were limited to neoplastic nodules in females and hepatocellular carcinomas in males. 
No Zymbal gland tumors or abdominal mesotheliomas were observed. Testicular effects were 
not evaluated. An increased incidence of basophilic foci in liver cells was observed in both 
sexes at 1.3 mg/kg-day and only in females in the two lower dosage groups. Significant 
increases in females having “many” hepatic cysts (3/98 in controls, 4/100, 9/96, and 24/29 low 
to high dose) as well as liver cell polymorphism in males (incidence of moderate + severe of 
5/99 in controls, 5/99, 8/99, and 13/49 low to high dose) and females (incidence of moderate + 
severe of 16/98 in controls, 16/100, 12/96, and 24/49 low to high dose) were reported. Since 
these latter two endpoints were not considered to be neoplastic or preneoplastic, they were 
considered suitable for development of RfDs and RfCs. 



As described in Section 5.1.2, the PBPK model of Clewell et al. (1995b) was used to 
derive dose metrics that were then used to convert the exposure levels for the endpoints of 
interest in the animal studies to equivalent human exposure levels. In addition, because there are 
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no direct effects at the portal of entry, the PBPK model was also used to derive dose metrics that 
were then used to convert the oral exposure levels used by Til et al. (1983, 1991) to a continuous 
human inhalation exposure concentration that would result in the same internal dose as occurred 
in the animal study. The study of Til et al. (1983, 1991) defines a no-observed-adverse-effect 
level (NOAEL) of 0.13 mg/kg-day and a lowest-observed-adverse-effect level (LOAEL) of 1.3 
mg/kg-day for liver effects that are not considered to be preneoplastic. Using the PBPK model 
of Clewell et al. (1995b), a NOAEL(HEC [human equivalent concentration]) and LOAEL(HEC) 
of 2.5 and 25 mg/m3, respectively, were calculated. Benchmark dose (BMD) modeling was then 
conducted on the internal dose metrics calculated using the PBPK model, and the BMD at a 
benchmark response of 10% extra risk (BMD10) was calculated and evaluated. Due to 
limitations in the data and variable outputs from the BMD models, the NOAEL was chosen for 
use in further quantitative analysis. 



Bi et al. (1985) exposed Wistar rats (apparently 75 per group) to 0, 10, 100, or 3,000 ppm 
VC (99.99% pure) for 6 hours/day, 6 days/week (duration adjusted to 0, 5.5, 55, 1,643 mg/m3, 
respectively) for up to 12 months. Animals were weighed monthly and observed daily for 
clinical signs. Interim sacrifices were reported at 3 (n = 8), 6 (n = 30), 9 (n = 6), and 12 (n = 10) 
months, with surviving animals examined after 18 months (6 months after the end of exposure). 
Organ weights and histopathology were reported to have been assessed on lung, liver, heart, 
kidney, testes, spleen, and brain, but only partial organ weight information was presented, and 
only testicular histopathology results are discussed in the report. Body weight was significantly 
decreased in the mid- and high-exposure groups (320, 310, 280, and 240 g in 0, 10, 100, and 
3,000 ppm groups, respectively). Liver-to-body weight ratios were increased in a concentration-
dependent manner after 6 months at all dose levels. At 12 months, increased relative liver 
weight was observed only in the 3,000 ppm group, although the power to detect this effect was 
limited by the small number of animals examined. No effect on liver weight persisted at 18 
months after the start of the exposure. Relative kidney weight in the 3,000 ppm group was 
increased at 3 and 12 months but not at 6 or 18 months, and in the 100 ppm group only at 18 
months. Relative testes weight was decreased in the 100 and 3,000 ppm groups at 6 months, but 
the effect was not concentration related in that the relative testes weight was less at 100 than at 
3,000 ppm and no other time points showed significant effects. There were several groups with 
significant differences in relative heart or spleen weights, but these were not consistent across 
exposure concentrations or durations and thus do not appear to be exposure related. The study 
did not report absolute organ weights, relative weights for groups with no significant differences, 
standard deviations, or histopathology results (except in the testes), making the organ weight 
differences in tissues other than the liver and testes difficult to interpret, although spleen size has 
been reported in other animal and human studies. The incidence of damage to the testicular 
seminiferous tubules in rats (n = 74) exposed to 0, 10, 100, or 3,000 ppm was 18.9%, 29.7%, 
36.5%, and 56%, respectively.  The incidence was statistically elevated at 100 and 3,000 ppm 
(duration adjusted to 55 and 1,643 mg/m3, respectively) (p < 0.05 and p < 0.001, respectively) 
compared with controls and was concentration related. This damage consisted of cellular 
alterations, degeneration and necrosis. Thus, 10 ppm (duration adjusted to 5.5 mg/m3) is 
considered a LOAEL for liver weight changes and the NOAEL for biologically significant 
testicular degeneration. 



As described for the Til et al. (1983, 1991) study, this concentration was converted to an 
HEC using the PBPK model of Clewell et al. (1995b), and benchmark modeling was then 
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conducted on the dose metric when possible. Thus, the LOAEL(HEC) for increased relative 
liver weight is 28 mg/m3, and the NOAEL(HEC) for increased testicular degeneration is 42 
mg/m3. The testicular degeneration was the only effect in this study that was suitable for 
benchmark modeling because no measure of variability (e.g., standard deviation) was provided 
for the liver weight endpoint. The HEC based on the benchmark analysis benchmark 
concentration (BMC)(HEC) and the PBPK model is 182 mg/m3. The liver is more sensitive, and 
the LOAEL(HEC) is the most appropriate dose-response value in this study. 



Du et al. (1979) exposed male Sprague-Dawley rats for 2-8 hours/day over periods of 1-5 
weeks to 15,000 ppm VC. The total accumulated exposure period varied from 14 to 137 hours. 
Activity of glucose-6-phosphatase in the microsomal fraction decreased 25% with respect to 
controls after 70 hours of exposure. Glucose-6-phosphate dehydrogenase activity increased 
twofold after more than 100 hours of exposure. Nonprotein sulfhydryl levels (glutathione and/or 
cysteine) showed a slight but progressive elevation, whereas glutathione reductase increased 
50%-60% during exposure. Ultrastructural alterations including dilatation of rough endoplastic 
reticulum and patchy lesions near the plasmalemma were also noted. The pathology and early 
enzymatic changes were considered a reflection of mild early injury to liver cells. 



In a study by Sokal et al. (1980), male Wistar rats (7-34/sex/group) were exposed to 0, 
50, 500, or 20,000 ppm VC for 5 hours/day, 5 days/week (duration adjusted to 0, 19, 190, or 
7,607 mg/m3, respectively) for 10 months. Hematological indices, blood chemistry, and 
urinalysis were evaluated after 1, 3, 6, and 10 months of exposure (n = 7-10). Histopathology 
was conducted on all major organs, including the lungs, with groups sacrificed at 1.5, 3, 6, and 
10 months of exposure. The number of animals in each group is not clear from the report. 
Ultrastructural examination of the liver was carried out at 3, 6, and 10 months. No statistically 
significant differences were observed for urinalysis, hematological, or biochemical indices. No 
adverse effects on the lung were reported. There was a statistically significant (p < 0.05) 
decrease in body weight at 10 months in all treatment groups relative to the controls that was 
biologically significant (i.e., > 10%) in the high-exposure group only.  Organ weights were 
reported for groups of seven animals exposed for 10 months. Relative spleen, kidney, and heart 
weights were significantly elevated in some groups, but there was no change in absolute weight 
and no histological changes or effects on kidney function to corroborate an adverse effect in 
these organs. Relative liver weight was increased at 500 and 20,000 ppm, and absolute liver and 
testes weights were increased at 50,000 ppm. Treatment-related histological changes developed 
in the liver and testes. After 10 months, there was a significant increase in polymorphism of 
hepatocytes (2/28, 5/21, 18/34, and 10/17 in 0, 50, 500, and 20,000 ppm groups, respectively) 
and proliferation of reticuloendothelial cells lining the sinusoids (3/28, 3/21, 13/34, and 8/17 in 
0, 50, 500, and 20,000 ppm groups, respectively). These effects were also seen at 6 months in 
the 500 and 20,000 ppm groups (incidences not reported). Fatty degeneration was also observed, 
and ultrastructural changes, including proliferation of smooth endoplasmic reticulum and lipid 
droplets, were reported, but no data were given. The report indicated that more detailed 
description of the histopathology and ultrastructure would be published separately, but no such 
record was found. Damage to the spermatogenic epithelium was significantly higher than in 
controls following exposure to 500 ppm (3/28, 3/21, 13/34, and 5/17 in the 0, 50, 500, and 
20,000 ppm groups, respectively). A NOAEL of 50 ppm was identified for hepatocellular and 
testicular histopathology.  Using the PBPK model of Clewell et al. (1995b), the NOAEL of 50 
ppm corresponds to a duration-adjusted NOAEL(HEC) of 93 mg/m3 for liver effects and a 
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NOAEL(HEC) of 145 mg/m3 for testicular effects. Applying benchmark modeling using the 
dosimetry provided by the PBPK model in the same manner as described for Til et al. (1983, 
1991), the BMC(HEC) values are 59-168 mg/m3 for liver effects (59 mg/m3 for polymorphism of 
hepatocytes, 92 mg/m3 for proliferation of reticuloendothelial cells, 122 mg/m3 for testicular 
effects, and 168 mg/m3 for the continuous endpoint of increased relative liver weight). 



In a related study (Wisniewska-Knypl et al., 1980), male Wistar rats (7-10/group) were 
exposed under conditions to nominal concentrations of 50, 500, or 20,000 ppm VC or to air only 
for 5 hours/day, 5 days/week (duration adjusted to 19, 190, or 7,607 mg/m3, respectively) for 10 
months with interim sacrifices at 1, 3, and 6 months. This study appears to be a different 
experiment from that reported by Sokal et al. (1980) based on different initial animal weights 
and chemical purity, although this is not entirely clear. Body weight was significantly affected 
only in the 20,000 ppm group exposed for 10 months. Tissue examinations were limited to the 
liver. Relative liver weight was increased at all sacrifice times at 500 and 20,000 ppm. 
Ultrastructural examination of liver tissue from animals exposed to 50 ppm showed 
hepatocellular changes characterized by proliferation of smooth endoplasmic reticulum at 3 
months and accumulation of lipid droplets at 10 months. Rats exposed to 500 ppm for 3 months 
exhibited hypertrophy of the smooth endoplasmic reticulum, distension of canals of rough-
surfaced membranes, swelling of mitochondria, and an increased number of lipid droplets in 
cytoplasm; these changes were more intensive at 20,000 ppm. No quantitative information is 
provided on the liver ultrastructural effects. This study identifies a minimal LOAEL of 50 ppm 
(duration adjusted to 19 mg/m3) for minor liver histopathology and a NOAEL of 50 ppm for 
liver weight effects. Based on the PBPK model of Clewell et al. (1995b), this corresponds to a 
duration-adjusted LOAEL(HEC) of 79 mg/m3. Applying benchmark modeling to the liver 
weight data in the same manner as described for Feron et al. (1981), the BMC(HEC) values are 
168 mg/m3 for increased relative liver weight. The liver ultrastructural data are not amenable to 
benchmark analysis because only descriptive information was presented. 



In a study by Torkelson et al. (1961), several species of animals were exposed to 0, 50, 
100, 200, or 500 ppm VC via inhalation for up to 6 months. Hematologic determinations, 
urinalysis, clinical biochemistry, organ weight measurement, and histopathology examination 
were conducted. Rats (24/sex/group), guinea pigs (12/sex/group), rabbits (3/sex/group) and dogs 
(1/sex/group) exposed to 50 ppm (127.8 mg/m3) for 7 hours/day for 130 days in 189 days did not 
exhibit toxicity as judged by appearance, mortality, growth, hematology, liver weight, and 
pathology.  At an exposure concentration of 100 ppm administered 138-144 times in 204 days, a 
statistically significant increase in the relative liver weight of male and female rats was noted. 
Exposure to 200 ppm (138-144 times in 204 days) for 6 months resulted in increased relative 
liver weight in male and female rats, but there was no biochemical or microscopic evidence of 
liver damage. Rabbits exposed under the same conditions exhibited histological changes 
(characterized as granular degeneration and necrosis with some vacuolization and cellular 
infiltration) in the centrilobular area of the liver. There was no effect at this level in guinea pigs 
or dogs. Histopathological lesions of the liver (centrilobular granular degeneration) and 
increased organ weight occurred in rats exposed to 500 ppm. Although relative liver weights 
were slightly elevated in male rats (n = 5) exposed to 100 or 200 ppm for 2-4 hours/day 
(duration adjusted to 15-30 and 30-60 mg/m3, respectively), the increases were not statistically 
significant. A NOAEL for liver effects of 50 ppm (duration adjusted to 25.6 mg/m3) is identified 
in this study. Based on the PBPK model of Clewell et al. (1995b), this corresponds to a 
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duration-adjusted NOAEL(HEC) of 162 mg/m3. These data were not amenable to benchmark 
analysis because standard deviations on the weight measurements were not reported. 



Maltoni et al. (1980, 1981, 1984) exposed Sprague-Dawley or Wistar rats to 1 to 30,000 
ppm VC for 4 hours/day, 5 days/week for 52 weeks, and mice and hamsters to 50 to 30,000 ppm 
VC for 30 weeks, beginning at about 12 weeks of age. Animals were observed throughout their 
lifetime (135 weeks). Tumor incidence and shortening of latency for liver angiosarcomas were 
concentration dependent. Additional tumor types seen in rats included liver hepatoma, 
nephroblastoma, neuroblastoma of the brain, Zymbal gland tumors, and mammary carcinomas. 
The study authors particularly noted the rarity of angiosarcoma, hepatoma, nephroblastoma, and 
neuroblastoma in their animal colony. The following types of tumors were observed in exposed 
mice: mammary, liver (including angiosarcomas), forestomach, lung, and epithelial. Tumor 
types in hamsters were liver (including angiosarcomas), forestomach, and epithelial. The 
incidence and analysis of the tumors reported in this study are presented in Section 5.3.2. 



The incidence of neoplastic or potentially preneoplastic lesions, including “hepatomas, 
neoplastic liver nodules, nodular hyperplasia of the liver, and diffuse hyperplasia of the liver,” 
was also presented (Maltoni et al., 1980, 1981, 1984). Because morphological descriptions were 
not provided, it is not clear why different terms were used. The largest incidences were reported 
for diffuse hyperplasia, generally ranging from 1% to 10% for males and females combined, but 
occurring at 20%-28% in a single experiment at 100-200 ppm. The incidence of nodular 
hyperplasia was about 1% in the combined controls and at # 5 ppm and about 10%-17% at 
higher levels. However, although lesions as well as hepatomas and neoplastic nodules were 
increased in the exposed groups, there was no clear concentration-response relationship for these 
lesions. 



Other inhalation experiments support the carcinogenicity of VC. Rats and mice exposed 
to 0, 50, 250, or 1,000 ppm for 6 hours/day, 5 days/week for up to 6 months (mice), 10 months 
(rats) (Hong et al., 1981), or 12 months (mice and rats) (Lee et al., 1978) had a significantly 
increased incidence of angiosarcoma of the liver at $ 250 ppm. Animals were sacrificed 12 
months after the end of exposure. Mice in this study exposed to $ 250 ppm also had an increase 
in bronchioloalveolar adenoma of the lung and mammary gland tumors in females 
(adenocarcinomas, squamous and anaplastic cell carcinomas). Male rats exposed to 
concentrations as low as 100 ppm for 6 hours/day, 6 days/week for 12 months and sacrificed at 
18 months (6 months after the end of exposure) had significantly increased incidences of 
angiosarcoma of the liver (Bi et al., 1985). Rats exposed to 3% VC (30,000 ppm) for 4 
hours/day, 6 days/week for 12 months had significantly increased incidences of epidermoid 
carcinoma of the skin, adenocarcinoma of the lungs, and osteochondroma in the bones (Viola et 
al., 1971), and rats exposed to 0 to 5,000 ppm for 52 weeks had primary tumors in the brain, 
lung, Zymbal gland, and nasal cavity (Feron and Kroes, 1979). Keplinger et al. (1975) provided 
a preliminary report of a concentration-dependent increase in tumor formation (alveologenic 
adenomas of the lung, angiosarcomas of the liver, and adenosquamous carcinoma of the 
mammary gland) in mice exposed to 0, 50, 200, or 2,500 ppm VC. 



Suzuki (1978, 1983) investigated the effect of VC on lung tumor formation. In a 
preliminary study conducted with a limited number of animals, alveologenic lung tumors 
developed in 26 of 27 mice exposed to 2,500 or 6,000 ppm for 5-6 months (Suzuki, 1978). A 
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concentration-related increase in the incidence of alveogenic tumors was observed in a study in 
which 30-40 mice/group were exposed to 1-660 ppm VC or filtered air for 4 weeks and then 
observed for up to 41 weeks postexposure (Suzuki, 1983). An increase in bronchioloalveolar 
adenoma was observed in a lifetime study of mice exposed to 50 ppm VC for 100 1-hour 
exposures and 5,000 or 50,000 ppm for a single 1-hour exposure (Hehir et al., 1981). The 
statistical significance of these observations was not presented. 



Overall, the available evidence from inhalation studies in animals supports the findings in 
humans that VC is a carcinogen by this route of exposure. Although human carcinogenicity data 
are lacking via the oral route, definitive responses in animal studies by both the oral and 
inhalation route, and evidence that VC is well absorbed by the oral route, support a conclusion 
that ingested VC is carcinogenic in humans. 



4.3. REPRODUCTIVE/DEVELOPMENTAL STUDIES—ORAL AND INHALATION 



Inhalation experiments in animals have associated developmental toxicity only with 
concentrations at or above those associated with maternal toxicity. In a two-generation 
reproduction study done in accordance with GLP (CMA, 1998b), rats (CD, 30/sex/group) were 
exposed by whole-body inhalation for 6 hours /day to concentration levels of 0, 10, 100, and 
1,100 ppm. The groups of P1 females were exposed 5 days/week beginning at 6 weeks of age 
for 10 weeks (premating exposure period), and then daily through mating and gestation. 
Treatment was discontinued at gestation day (GD) 20 for delivery of the F1 generation and 
resumed on a daily basis on lactation day 4 until sacrifice, which occurred as a group after the 
last litter was weaned. At weaning, two F1 pups were selected randomly from each litter and 
exposed as the P1 parents through this postweaning period until all litters were weaned, about 3 
weeks total. Animals were then randomly chosen from this pool of F1 animals, designated the 
P2 generation, and the 10-week premating exposure period initiated. At this period, the P2 
animals were presumably near to 6 weeks in age, as were the P1 generation at the beginning of 
their premating exposures. Daily exposures were continued through mating and gestation. 
Treatment was discontinued at GD20 for delivery of the F2 generation and resumed on a daily 
basis on lactation day 4 until sacrifice, which occurred as a group after the last litters were 
weaned. Both generations of males were exposed in a manner parallel to the females. 



Evaluation for the parental animals included body weights and food consumption. 
Estrous cycling was evaluated during the last 3 weeks of the premating period. Fertility and 
reproductive performance (pregnancy rates and male fertility indices) were recorded. Sperm 
assessments (motility, caudal epididymal sperm count, and morphology) were performed for 15 
P1 and P2 males/group. At necropsy, reproductive and other tissues (including brain, lungs, 
nasal turbinates [four sections] and mammary glands) were taken from the control and 1,100 
ppm groups for gross and microscopic examination. The livers of all parental animals from all 
dose groups were examined microscopically. Pups were examined and weighed at birth and 
days 4, 7, 14, 21, and 25 (F1 only) during lactation. At weaning one pup/sex/litter was randomly 
selected, sacrificed, and given a macroscopic exam with selected tissues (including liver, 
ovaries, and testes) weighed and preserved. The remaining pups were examined, sacrificed, and 
discarded. 
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No adverse effect of treatment was seen in the parental generations, including mortality, 
clinical findings, body weight, food consumption, or effects on fertility or reproductive 
performance. No adverse effect of treatment was indicated in the F1 and F2 pups from survival 
or growth in either generation. The NOAEL for reproductive effects is > 1,100 ppm. 



Liver effects, including hepatocellular foci, centrolobular hypertrophy, and increased 
liver weights, were noted in parental (P1 and P2) animals. Liver weights were significantly 
increased in males only (13% to 20% increase over controls) in the P1 animals at 10, 100, and 
1,100 ppm and in P2 animals at 100 and 1,100 ppm. Centrilobular hypertrophy (not hepatocyte 
polymorphism) was noted in a dose-related manner in P1 and P2 males at the two highest 
concentrations and in P1 and P2 females at all three levels of exposure. Both these effects are 
considered as nonadverse adaptive responses to VC exposure (Sipes and Gandolfi, 1991). 



Altered hepatocellular foci (basophilic, acidophilic, and clear cell) were observed in the 
livers of P1 and P2 males and in P2 females. Cellular atypia was generally absent from these 
lesions which were also noted as usually occurring one per animal. All foci were noted as being 
graded at the minimum level of severity. Among P1 males exposed to 1,100 ppm, only a single 
basophilic and a single acidophilic foci were noted among the 30 livers. Among P2 males 
exposed to 1100 ppm, this incidence was increased with 8 basophilic foci, 5 clear cell foci, and 5 
acidophilic foci noted among the 30 livers. In addition, 5 acidophilic foci were observed from 
among the 30 P2 livers observed at the next highest concentration of 100 ppm and 1 was 
observed from among the 30 P2 male control livers. No foci were observed among the livers of 
any P1 female, exposed or control. Among livers from P2 females exposed to 1,100 ppm, 
however, 11 basophilic and 8 acidophilic foci were noted. A single basophilic foci was observed 
among the 30 livers from P2 females exposed at the next highest concentration of 100 ppm. No 
foci of any type was observed in either sex of either parental generation at the lowest exposure 
level of 10 ppm, the NOAEL for parental effects. 



A possible explanation for the increased incidence of altered hepatocellular foci seen in 
the P2 versus the P1 generation is that the P2 generation was exposed throughout those periods 
of the life cycle (in utero and throughout most of the postnatal period) that are generally 
accepted as being of increased susceptibility to tissue injury, whereas the P1 generation was not. 
In establishing the exposure scenario in this reproductive study, however, the P2 generation was 
necessarily exposed for a longer period of time, approximately 6 weeks longer if in utero time is 
considered, than was the P1 generation. Indeed, the increased incidence of liver effects in the P2 
generation is more consistent with an increased dose, rather than with a period of susceptibility 
to VC toxicity during which other types of effects would have the opportunity to become 
manifest. The increase in liver effects seen in the P2 generation relative to the P1 generation 
could be due to reasons other than in utero or juvenile susceptibility, as the P2 animals were 
exposed not only younger than the P1 animals, but also longer and on a daily basis during the 
postnatal period when body weights and metabolic and respiratory functions are increasing 
dramatically. This confounding makes speculative any claim of neonatal or childhood 
susceptibility to VC exposure for this study. However, tumor incidence has been documented to 
increase at maturity among laboratory animals treated with vinyl chloride during the first 6 
months of life when compared to those exposed during the second or third 6-month period of life 
(Maltoni et al., 1981; Drew et al., 1983; Section 4.7.1). 
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 PBPK analysis of this reproductive study (Appendix D) indicates that the dose to the 
liver at 10 ppm (the NOAEL for hepatocellular foci was markedly higher than the corresponding 
metric derived from the NOAEL in the chronic study of Til et al. (1983). It is likely that the 
metric associated with the no-effect 10 ppm dose level may well have been even higher if 
consideration of the physiological and biochemical exposure parameters during the earlier 
phases of development and growth were able to be considered by the PBPK model used in this 
assessment. This conservative estimate of the dose metric in the liver where no effects were 
observed in this reproductive study is near to the metric in the chronic study of Til et al. (1983) 
where liver effects were observed. Thus, the chronic study of Til et al. (1983) demonstrates 
adverse liver effects at tissue concentrations considerably lower than this reproductive study. 



John et al. (1977) examined the effects of inhaled VC on the fetuses of mice, rats, and 
rabbits. Pregnant CF1 mice (30-40/group) were exposed to 0, 50, or 500 ppm VC on gestational 
days 6-15. Sprague-Dawley rats (20-35/group) and New Zealand white rabbits (15-20/group) 
were administered 0, 500, or 2,500 ppm VC for 7 hours/day on gestational days 6-15 for rats and 
6-18 for rabbits. Parameters of maternal and developmental toxicity were evaluated; both the 
fetuses and litter were evaluated. Mice were more sensitive to the toxic effects of VC than either 
rats or rabbits. In mice, concentrations of 500 ppm induced maternal effects that included 
increased mortality, reduced body weight, and reduced absolute but not relative liver weight. 
Fetotoxicity also occurred in mice at 500 ppm and was manifested as significantly increased 
fetal resorption, decreased fetal body weight, reduced litter size, and retarded cranial and 
sternebral ossification. However, there was no evidence of a teratogenic effect in mice at either 
concentration. In rats exposed to 500 ppm, but not to 2,500 ppm, maternal effects were 
restricted to reduced body weight. Maternal effects in rats at 2,500 ppm were death of one rat, 
elevated absolute and relative liver weights, and reduced food consumption. A significant 
reduction in fetal body weight and an increase in the incidence of lumbar spurs were observed 
among rats exposed to 500 ppm but not 2,500 ppm and are not considered signs of VC-induced 
fetotoxicity. At 2,500 ppm, an increased incidence of dilated ureters was observed, which may 
represent a chemical-induced effect. No signs of maternal or developmental toxicity were 
observed in rabbits at either dose. This study identifies a NOAEL of 50 ppm for maternal 
toxicity and fetotoxicity in mice and a NOAEL of 2,500 ppm for rabbits. 



Ungvary et al. (1978) exposed groups of pregnant CFY rats continuously to 1,500 ppm 
(4,000 mg/m3) on gestational days 1-9, 8-14, or 14-21 and demonstrated that VC is not 
teratogenic and has no embryotoxic effects when administered during the second or last third of 
pregnancy.  During the first third of pregnancy, maternal toxicity was manifested by increased 
relative liver weight; increased fetal mortality and embryo toxic effects were evident. Slightly 
reduced body weight gain was noted in dams exposed on days 14-21. 



VC does not appear to produce germinal mutations as manifested by a dominant lethal 
effect in male rats. In a dominant lethal study, Short et al. (1977) exposed male CD rats to 0, 50, 
250, or 1,000 ppm VC for 6 hours/day, 5 days/week for 11 weeks. At the end of the exposure 
period, the exposed males were mated with untreated females, and there was no evidence of 
either preimplantation or postimplantation loss in pregnant females. However, reduced fertility 
was observed in male rats exposed to 250 and 1,000 ppm VC. 
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4.4. OTHER STUDIES 



4.4.1. Neurological 



Occupational studies of exposure to VC have reported a variety of central nervous system 
effects of VC, including headaches, drowsiness, dizziness, ataxia, and loss of consciousness 
(Lilis et al., 1975; Langauer-Lewowicka et al., 1983; Waxweiler et al., 1977). Exposure 
information was not available, but the reports of loss of consciousness indicate that at least 
periodic high exposures were involved. Central nervous system symptoms associated with VC 
(nausea, dizziness) were also reported in volunteers exposed to $12,000 ppm for 5 minutes 
(Lester et al., 1963). Tingling of the extremities (paresthesia), and sometimes finger numbness 
and pain, has also been reported. At least some of the symptoms in the extremities appear to be 
associated with anoxia due to vascular insufficiency; numbness of fingers and cold sensitivity 
are symptoms of Raynaud’s phenomenon, which is associated with VC exposure (Lilis et al., 
1975; Occidental Chemical Corporation, 1975). However, VC may also act directly on the 
peripheral nerves. Decreased nerve conduction velocities and altered electromyographic 
findings were also reported in VC workers, but the decreased velocities did not achieve 
statistical significance, and control data were not reported for the electromyographic findings 
(Perticoni et al., 1986). Exposure data were not reported for this study. 



These occupational reports are supported by animal data. Decreased responses to 
external stimuli and disturbed equilibrium were observed in male Wistar rats exposed for 4 
hours/day, 5 days/week for 10 months to 30,000 ppm VC (Viola, 1970). Histopathological 
examination at 12 months revealed diffuse degeneration of gray and white matter of the brain, 
including numerous atrophied nerves and pronounced cerebellar degeneration of the Purkinje 
cell layer. Peripheral nerve endings were surrounded and infiltrated with fibrous tissue. 



4.4.2. Genotoxicity 



Several lines of evidence indicate that VC metabolites are genotoxic, interacting directly 
with DNA. In vitro genotoxicity assays indicate that VC is mutagenic in the presence of 
exogenous metabolic activation but not in the absence of activation. Similar assays show that 
the major VC metabolite, chlorethylene oxide (CEO), is positive in genotoxicity tests. In vivo 
genotoxicity tests with VC also provide evidence of genotoxicity. Finally, DNA adducts formed 
from VC metabolites have been identified; certain persistent adducts are believed to be 
associated with the development of carcinogenicity. 



Several occupational studies reported genotoxic effects of VC. Sinues et al. (1991) 
examined the incidence of micronuclei and sister chromatid exchanges (SCEs) in a group of 52 
nonsmokers exposed to VC and 41 nonsmoking controls. The exposure level was estimated at 
1.3-16.7 ppm (high-exposure group) and 0.3-7.3 ppm (low-exposure group), with an average 
duration of 17 years. Increases in both SCEs and micronuclei were observed, and the increase 
correlated with exposure levels. An increase in chromosome aberrations in peripheral 
lymphocytes that correlated with exposure duration was observed in a cohort of 57 VC workers, 
compared with 19 on-site controls and 5 off-site controls. Current average exposure was 5 ppm, 
but excursions up to 1,000 ppm were reported (Purchase et al., 1978). Hansteen et al. (1978) 



23












investigated chromosome aberrations in a group of VC workers exposed to 25 ppm and then 
again after the workers had not been exposed for 2-2.5 years. Chromosome aberrations in 
lymphocytes were elevated relative to controls at the initial sampling but not after exposure 
ceased. 



VC-induced mutations were noted in the Salmonella typhimurium reverse mutation 
assay, both using vapor exposure (Bartsch et al., 1975) and incorporation into the medium 
(Rannug et al., 1974). The mutagenic activity was decreased or eliminated in the absence of 
exogenous metabolic activation. By contrast, the VC metabolites CEO and CAA increased the 
reversion rate even in the absence of exogenous activation (Bartsch et al., 1975; Rannug et al., 
1976). The highly reactive metabolite CEO was much more potent than the CAA, inducing 
mutations at exposures as low as 0.1 mM for 1 hour. 



Single-strand breaks (SSBs) have been detected in liver DNA following inhalation 
exposure of mice to VC (Walles et al., 1988). (It is generally assumed that SSBs represent an 
intermediate stage in the excision repair of DNA adducts.) The occurrence of SSBs reached a 
maximum at exposures of 500 ppm, consistent with saturation of metabolism. It was found that 
20% of the SSBs remained after 20 hours. 



The p53 tumor suppressor gene is often mutated in a wide variety of cancers. VC has 
been associated with specific A –> T transversions at codons 179, 249, and 255 of the p53 gene. 
The mutations result in transversions of His –> Leu at residue 179, Arg –> Trp at residue 249, 
and He –> Phe at residue 255 in highly conserved regions of the DNA-binding core domain of 
the P53 protein. The latter two mutants were shown to contain certain common regions that 
differ substantially in conformation from the wild-type structure (Chen et al., 1999). By the use 
of anti-p53 antibodies, increased incidences of mutations in this gene were detected in workers 
occupationally exposed to VC. Even higher incidences were noted in occupationally exposed 
workers with angiosarcoma of the liver (Hollstein et al., 1994; Trivers et al., 1995), while similar 
mutations have not been identified in liver angiosarcomas not induced by VC (Soini et al., 
1995). More recently Smith et al. (1998) were able to demonstrate a dose-response relationship 
between VC exposure and increases in mutant p53 in French workers occupationally exposed to 
VC. Adjusted odds ratios for estimated ppm years of exposure equaled 4.16 (95% CI = 1.63-
10.64 for #500 ppm); 5.76 (95% CI = 2.39-13.85 for 501-2,500 ppm); 10.24 (95% CI = 4.20-
24.95 for 2,501-5,000 ppm); 13.26 (95%CI = 5.52-31.88 for >5,000 ppm).  Similar increases 
were also reported in Taiwanese VC workers (Luo et al., 1999). Thirty-three of 251 (13.2%) VC 
workers tested positive for p53 overexpression (10% with positive mutant p53 protein and 3.6% 
with positive anti-p53). The results indicate that this serum biomarker for p53 protein is related 
to vinyl chloride exposure and may be an early indicator of carcinogenic risk in exposed 
populations. 



The genotoxic potential of VC and its metabolites has also been investigated by assaying 
the formation of DNA adducts. Although 7-(2-oxoethyl)guanine (OEG) has been identified as 
accounting for approximately 98% of all VC adducts formed in vivo (Swenberg et al., 1992), this 
adduct is very rapidly repaired and does not appear to lead to miscoding during DNA replication. 
Therefore, it is not considered important for carcinogenesis (Laib, 1986; Swenberg et al., 1992). 
Instead, VC carcinogenicity is attributed to four etheno-DNA adducts that are formed at much 
lower concentrations than OEG but that are more persistent (Swenberg et al., 1992) and can lead 
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to defective transcription (Singer et al., 1987) and presumably also defective replication. For 
example, ethenoguanine (EG) produces a base pair mismatch (G6A transition) in bacterial 
assays (Cheng et al., 1991). These adducts are: 1,N2-EG; N2,3-EG; 1,N6-etheno-2’-
deoxyadenosine (EDA), and 3,N4-etheno-2’-deoxycytidine (EDC) (Laib, 1986; Fedtke et al., 
1990; Dosanjh et al., 1994). 



It is still not possible to determine which, if any, of the DNA-adducts identified from VC 
exposure may be responsible for the observed carcinogenicity of VC. The likelihood that a 
given DNA-adduct will lead to a neoplastic transformation depends on many factors, including 
its persistence and the consequences of its repair or failure to be repaired. The persistence of a 
given adduct depends on both the rate of formation and the rate of repair (Singer, 1985); in 
humans, all of the etheno adducts appear to be repaired by the same DNA glycosylase but not at 
the same rate (Dosanjh et al., 1994). In particular, the repair of the ethenoguanines appears to be 
much slower than that of the other etheno-adducts in humans (Dosanjh et al., 1994). 



This was in contrast to the results of a similar study in rats, where N2,3-EG was repaired 
with a half-life of about 30 days, while there was no evidence that EDA and EDC were repaired 
at all (Swenberg et al., 1992). Swenberg et al. (1999), however, using a more sensitive method 
of analysis, found that the apparent persistence of etheno adducts is actually due to endogenous 
production. The amounts of endogenous N2, 3-EG was measured in liver DNA of rats and 
humans, with a mean 0.21 ± 0 .07 per 106 unmodified guanine reported for humans, compared 
with 0.09 ± 0.04 for rats. The ratio of OEG to N2,3-EG was similar across all tissues measured, 
suggesting that DNA repair was not tissue specific. By use of 13C2-VC, endogenous and 
exogenous N2,3-EG could be monitored in the same animal. Lack of change for endogenous 
N2,3-EG in rats exposed to 1,100 ppm suggests that repair is not saturated at this concentration. 
In the same series of studies it was shown that increases in N2,3-EG in rats exposed 4 weeks to 
VC are consistent with long-term cancer bioassays in rats, with a steep slope between 0 and 100 
ppm and relatively little increase at 1,100 ppm (Morinello et al., 1999). Controls averaged 0.08 
± 0.04 and 0.11 ± 0.05 per 106 unmodified dGua in 1 and 4 weeks controls, respectively. 
Exposure to 10, 100, and 1,100 ppm VC for 1 wk increased the N2,3-EG adducts to 0.20 ± 0.05, 
0.68 ± 0.09, and 1.25 ± 0.20 per 106 dGua, respectively. After 4 weeks exposure, the 
corresponding amounts were 0.53 ± 0.11, 2.28 ± 0.18, and 3.78 ± 0.55 N2,3-EG per 106 dGuo. 
These data provide support for the use of linearized model for low-dose extrapolation of cancer 
risk. 



Swenberg et al. (1999) also measured the amount of N2,3-EG in both hepatocytes and 
sinusoidal cells, the latter being the most common site for liver cancer induction by VC. 
Although exposures in this case were to vinyl fluoride (VF), the mechansims of cancer induction 
by the two chemicals are considered to be the same. Despite the fact that the sinusoidal cells had 
little of the enzyme CYP 2E1, indicating that epoxidation occurs primarily in the hepatocytes, 
the amount of N2, 3-EG sinusoidal cells was three times that of the hepatocytes. Moreover, N
methylpurine-DNA glycosylase mRNA, a DNA repair enzyme capable of removing etheno 
DNA adducts (Dosanjh et al., 1994), was expressed in sinusoidal cells at only 20% that of 
hepatocytes. Thus even though the sinusoidal cells are exposed to lower concentrations of the 
epoxide, because it must diffuse from the hepatocytes, limited repair capability apparently 
renders these cells more susceptible to carcinogenic effects of vinyl halides. 
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The overall evidence indicates that VC must be metabolized to cause carcinogenicity. A 
reactive, short-lived metabolite that achieves only low steady-state concentrations is thought to 
be responsible for the toxic effects of VC (Bolt, 1978). CEO is believed to be the ultimate 
carcinogenic metabolite of VC. Both CEO and CAA have been evaluated as possible 
carcinogenic metabolites of VC, and the overall evidence indicates that CEO is the reactive 
metabolite responsible for VC carcinogenicity. CEO is carcinogenic in skin and acts as an 
initiator in the initiation/promotion protocol, while CAA is negative in these assays (Zajdela et 
al., 1980). Moreover, CEO has been found to display 400-fold greater mutagenic potency than 
CAA in bacterial mutagenicity assays (Perrard, 1985). In a comparison of VC and 2,2’-
dichlorodiethylether, a precursor of CAA but not of CEO (Bolt, 1986), preneoplastic 
hepatocellular ATP-deficient foci were reported in rats following exposure to VC but not 2,2’-
dichlorodiethylether (Gwinner et al., 1983). Similarly, DNA adduct formation was observed in 
rats dosed with VC but not with 2,2’-dichloroethylether. Finally, inadequate DNA repair is 
likely responsible for the sensitivity of liver sinusoidal cells to carcinogenic effects of vinyl 
halides. 



In summary, recent studies have provided increasing evidence linking etheno-DNA 
adducts with the observed carcinogenicity of VC. The recent study by Swenberg et al. (1999) 
showed a good correlation between tissue concentrations of a specific adduct and the risk of 
cancer in that tissue. Smith et al. (1998) also showed a positive dose-response relationship 
between VC exposure in workers and mutant serum p53. However, until carinogenesis can be 
quantitatively related to specific DNA adduct(s), or to specific mutations, the amount of 
metabolism remains the best dose metric for comparison with tumor incidence. Additionally, 
use of DNA adduct data for extrapolation of risk from animals to humans would require 
comparative data on DNA repair efficiency in humans. 



4.4.3. Noncancer Mechanism 



A reactive, short-lived metabolite that achieves only low steady-state concentrations is 
thought to be responsible for the toxic effects of VC (Bolt, 1978); the rapid elimination of VC 
and its major metabolites is consistent with this hypothesis (Bolt et al., 1977). Both CEO and 
CAA can react with tissue nucleophiles, but CAA appears to be the most important source of 
protein adducts. The metabolism of VC to produce irreversibly bound adducts to DNA and 
protein was examined in vitro with rat liver microsomes (Guengerich et al., 1981). Inhibition 
studies were performed with alcohol dehydrogenase, which is the enzyme that catalyzes the 
breakdown of CAA to the corresponding alcohol, and epoxide hydrolase, which is the initial 
enzyme involved in the breakdown of CEO to oxalic acid. Alcohol dehydrogenase was effective 
in inhibiting the binding of VC metabolites to protein, while epoxide hydrolase was effective in 
inhibiting the binding of VC metabolites to DNA. These results support the conclusion that the 
epoxide is the carcinogenic moiety, but that CAA may also produce toxic manifestation. 
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4.5.	 SYNTHESIS AND EVALUATION OF MAJOR NONCANCER EFFECTS AND 
MODE OF ACTION 



That VC is rapidly absorbed and distributed throughout the body via oral and inhalation 
routes and leads to similar effects (i.e., liver) via the same modes of action (activation of parent 
compound within liver tissues) provides an empirical mechanistic rationale for performing route-
to-route extrapolation. 



The liver is clearly the primary target organ for cancer, as evidenced by the rare tumor 
type (liver angiosarcomas) occurring in both human and animal toxicity studies. The long-term 
repeated dose animal studies of oral (Feron et al., 1981; Til et al., 1983, 1991) and inhalation VC 
exposure (Sokal et al., 1980) report a wide spectrum of liver histopathology that is considered to 
be neoplastic or preneoplastic in character. There is, however, liver histopathology, such as 
cysts and liver cell polymorphisms, reported in these studies that is considered nonneoplastic. 
VC-induced liver-cell polymorphisms are very similar to the changes observed in liver 
parenchymal cells after administration of several pyrrolizidene alkaloids in which some cells 
have diameters at least 4x normal (Schoental and Magee, 1957, 1959). There has been no clear 
indication whether these affected cells could develop into hyperplastic nodules or hepatomas 
(Afzelius and Schoental, 1968). Other studies have reported increased liver weight in laboratory 
animals with repeated dosing (Bi et al., 1985; Sokal et al., 1980; Torkelson et al., 1961; 
Wisniewska-Knypl et al., 1980) and in parental animals in inhalation reproductive studies 
(CMA, 1998a). Occupational studies have also associated VC exposure with impaired liver 
function and/or biochemical or histological evidence of liver damage (Buchancova et al., 1985; 
Doss et al., 1984; Gedigk et al., 1975; Lilis et al., 1975; Marsteller et al., 1975; Popper and 
Thomas, 1975; Tamburro et al., 1984). Thus, the liver is clearly the primary target of the 
noncancer VC effects also. 



Both cancer and noncancer liver effects are associated with metabolism of VC. The 
putatative epoxide metabolite of VC, CEO, would most likely be reactive enough to manifest 
genotoxic damage, whereas the rearrangement product, chloracetaldehyde (CAA), would not. 
On the other hand, CEO and CAA both could be involved in the noncancer hepatic effects. 
Therefore the mode of action of VC for noncancer hepatic effects is not clear as that for liver 
cancer. 



Noncancer effects of VC have also been reported in the testes, with lesions observed in 
two inhalation studies (Bi et al., 1985; Sokal et al., 1980). Since there is evidence of P450 
activity in the testes, it is reasonable to expect that testicular effects result from a locally 
generated reactive metabolite. Short et al. (1986) reports male reproductive complications 
subsequent to inhalation exposure of VC although a more complete reproductive study showed 
liver but no reproductive effects in either sex (CMA, 1998b). Thus, the critical effect (i.e., the 
one that occurs first as dose increases) requires resolution, ideally through a comparison among 
liver, testicular, and reproductive effects. 



A PBPK model as used in this assessment could allow direct comparison of various 
effects with common measures of dosimetry associated with those effects. The manner in which 
the PBPK model converts external exposures, both inhalation and oral, to common measures of 
dosimetry is explained in detail in Section 5.1.2 and in Appendices B and D. A concept central 
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to the use of a common measure of dose (or common dose metric) for VC is that the toxicity of 
VC is directly related to metabolism of the parent compound to a more reactive and toxic 
species. The PBPK model can be exercised to estimate the amount of metabolism that would 
occur in a specific exposure scenario with specific physiological/biochemical parameters. 



The PBPK model used in this assessment (Clewell et al., 1995b) was exercised to derive 
two different dose metrics associated with various effects: the total amount of metabolism in 
the liver/volume of the liver (RISK) and the total amount of metabolism/body weight (AMET). 
This conversion of external exposures to common dose metrics is then utilized to elucidate the 
adverse endpoint that appears first as the exposure (and dose) increases. 



4.6. WEIGHT-OF-EVIDENCE EVALUATION AND CANCER CHARACTERIZATION 



Under EPA’s Risk Assessment Guidelines of 1986 (U.S. EPA, 1986a, 1987), VC is 
classified into cancer weight-of-evidence Category A. Chemicals classified into this category 
are considered to be known human carcinogens, based upon sufficient evidence for 
carcinogenicity in humans. In the case of VC, sufficient evidence in experimental animal studies 
provides additional support for this classification. Under the Proposed Guidelines for 
Carcinogen Risk Assessment (U.S. EPA, 1996a, Review Draft, 1999), VC is a known human 
carcinogen by the inhalation and oral routes of exposure and highly likely to be carcinogenic by 
the dermal route of exposure. This conclusion is based on: (1) consistent epidemiologic 
evidence of a causal association between occupational exposure to VC via inhalation and 
development of angiosarcoma and hepatocellular carcinoma, the former an extremely rare 
tumor; (2) consistent evidence of carcinogenicity in rats, mice, and hamsters via the oral and 
inhalation routes, with the critical target site (the liver) being the same in animals and humans; 
(3) mutagenicity and DNA adduct formation by VC and its metabolites in numerous in vivo and 
in vitro test systems; and (4) efficient absorption via all routes of exposure tested, followed by 
rapid distribution throughout the body. The critical target site is the same, and VC is well 
absorbed orally. Evidence has also been reported indicating increased sensitivity during early-
life exposure. In light of the very high percentage of angiosarcomas nationwide that are 
associated with VC exposure, the evidence for carcinogencity is considered to be strong. 



VC carcinogenicity occurs via a genotoxic pathway and is understood in some detail. 
VC is metabolized to a reactive metabolite, probably CEO, believed to be the ultimate 
carcinogenic metabolite of VC. The reactive metabolite then binds to DNA, forming DNA 
adducts that, if not repaired, ultimately lead to mutations and tumor formation. Therefore, a 
linear extrapolation was used in the dose-response assessment. An inhalation unit risk of 4.4 × 
10-6 per :g/m3 for lifetime exposure during adulthood and 8.8 × 10-6 per :g/m3 for lifetime 
exposure from birth was based on chronic inhalation studies in rats. Because of uncertainty 
regarding exposure levels, occupationally exposed cohorts were not utilized to quantitate risk. 
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4.7. SUSCEPTIBLE POPULATIONS 



4.7.1. Possible Childhood Susceptibility 



In addition to the lifetime cancer studies summarized in Section 4.2, several studies of 
partial lifetime exposure suggest that the lifetime cancer risk depends on age at exposure, with 
higher lifetime risks attributable to exposures at younger ages. Drew et al. (1983) studied the 
effect of age and duration of VC exposure on cancer incidence. Groups of female Fischer-344 
rats, Syrian golden hamsters, B6C3F1 mice, and CD-1 Swiss mice inhaled VC at 100 ppm for 
durations of 6, 12, 18, or 24 months beginning after 0, 6, 12, or 18 months. (Prior to exposure, 
animals were 5-6 weeks old when they were received at the testing laboratory; then they were 
weighed and observed for 3 weeks.) VC induced angiosarcomas and mammary gland 
carcinomas in all four species/strains; in addition, there were hepatocellular carcinomas in rats, 
stomach adenomas and skin carcinomas in hamsters, and lung carcinomas in CD-1 Swiss mice. 
In general, cancer incidence increased with duration of exposure and decreased with age at first 
exposure. While early exposure appeared to increase susceptibility, it should be noted that the 
animals were near adulthood at the beginning of exposure. Tumor incidences are summarized in 
Tables 1 through 4. 



Maltoni et al. (1981) investigated the effect of age at exposure as part of a comprehensive 
VC study. Groups of male and female Sprague-Dawley rats inhaled 6,000 or 10,000 ppm VC 
for 100 hours under different exposure schedules, three groups beginning at 13 weeks of age and 
one group beginning at 1 day of age (4 hours/day, 5 days/week for 5 weeks). The angiosarcoma 
incidence for rats exposed for 5 weeks as newborns was higher than that for rats exposed for 
52 weeks beginning at 13 weeks of age. Moreover, hepatoma incidence, virtually nonexistent in 
rats exposed for 52 weeks when mature, approached 50% in rats exposed for 5 weeks as 
newborns. While 2-year exposures are likely to induce greater responses, nevertheless it appears 
that early-life exposure is at least as effective in liver tumor induction as lifetime exposure 
during adulthood. Tumor incidences are summarized in Tables 5 and 6. 
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Table 1. Effects of VC on Fischer-344 rats exposed at different ages 



Angio-
sarcomaa 



Mammary 
carcinoma 



Hepato-
carcinomab 



Mean 
induction 



Mean 
survival 



Months exposed incidence incidence incidence timec timed 



None  2/112  5/112  5/112 NRe 703 



0-6  4/76  6/76 18/75 716 682 



6-12  2/53  2/53 16/52 613 703 



12-18  0/53  3/53  2/51 -- 688 



18-24  0/53  2/53  5/53 -- 708 



0-12 12/56 11/56 24/56 671 634 



6-18  5/55  4/55  5/54 537 659 



12-24  2/50  0/50  4/49 390 717 



0-18 15/55  9/55 15/55 643 575 



0-24 24/55  5/55 15/55 666 622 
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aAll sites.

bIncludes neoplastic nodules.

cAverage time required to induce death from angiosarcomas, in days from the day each animal was first exposed.

dAverage lifetime in days from the day the first animals were exposed.

eNot reported.




Source:  Drew et al., 1983. 











Table 2. Effects of VC on golden Syrian hamsters exposed at different ages 



Angio- Mammary Stomach Skin Mean Mean 
Months sarcomaa carinoma adenoma carinoma induction survival 
exposed incidence incidence incidence incidence timeb timec 



None  0/143  0/143  5/138 0/133 -- 463 



0-6 13/88 28/87 23/88 2/80 NRd 390 



6-12  3/53  2/52 15/53 0/49 NRd 468 



12-18  0/50  0/50  6/49 0/46 -- 456 



18-24  0/52  1/52  0/52 0/50 -- 499 



0-12  4/52 31/52  3/50 2/80 NRd 355 



6-18  1/44  6/44 10/44 0/38 NRd 455 



12-24  0/43  0/42  3/41 0/50 -- 424 



0-18  2/103 47/102 20/101 3/90 NRd 342 



0-24  NRd  NRd  NRd  NRd NRd 347 
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aAll sites.

bAverage time required to induce death from angiosarcomas, in days from the day each animal was first exposed.

cAverage lifetime in days from the day the first animals were exposed.

dNot reported.




Source:  Drew et al., 1983. 











Table 3. Effects of VC on B6C3F1 mice exposed at different ages 



Angio- Mammary Mean Mean 
Months sarcomaa carcinoma induction survival 
exposed incidence incidence timeb timec 



None  4/69  3/69 NRd 780 



0-6 46/67 29/67 343 316 



6-12 27/42 13/42 344 480 



12-18 30/51  4/51 343 695 



0-12 69/90 37/90 313 301 



6-18 30/48  9/48 319 479 



12-24 29/48  4/48 304 632 



0-18 37/46  NRb 313 304 
aAll sites.

bAverage time required to induce death from angiosarcomas, in days from the day each animal was first exposed.

cAverage lifetime in days from the day the first animals were exposed.

dNot reported.




Source:  Drew et al., 1983. 
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Table 4. Effects of VC on CD-1 Swiss mice exposed at different ages 



Angio- Mammary Lung Mean Mean 
Months sarcomaa carcinoma carcinoma induction survival 
exposed incidence incidence incidence timeb timec 



None  1/71  2/71  5/112 NRd 474 



0-6 29/67 33/67 18/75 369 340 



6-12 11/49 13/49 16/52 340 472 



12-18  5/53  2/53  2/51 226 521 



0-12 30/47 22/47 24/56 350 347 



6-18 17/46  8/45  5/54 323 443 



12-24  3/50  0/50  4/49 124 472 



0-18 20/45  9/55 22/45 350 321 
aAll sites.

bAverage time required to induce death from angiosarcomas, in days from the day each animal




was first exposed.

cAverage lifetime in days from the day the first animals were exposed.

dNot reported.




Source:  Drew et al., 1983. 
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Table 5. Comparison of newborn and later short-term exposure to VC 



Administered 
concentration 
(ppm) Angiosarcomasa Hepatomas 



4 hours/day, 5 days/week for 5 weeks starting at age 13 weeks: 
6,000 3/120 0/120 



10,000 2/118 1/118 



1 hour/day, 4 days/week for 25 weeks starting at age 13 weeks: 
6,000 5/118 0/118 



10,000 4/119 0/119 



4 hours/day, 1 day/week for 25 weeks starting at age 13 weeks: 
6,000 4/120 2/120 



10,000 4/120 0/120 



4 hours/day, 5 days/week for 5 weeks starting at age 1 day: 
6,000 20/42 20/42 



10,000 18/44 20/44 



aAll sites, including angiomas. 



Source:  Maltoni et al., 1981 (experiments BT14 and BT1). 



Table 6. Comparison of newborn exposure and later chronic exposure to VC 



Administered Angio- Angio-
concentration sarcomasa in sarcomasa in Hepatomas in Hepatomas in 
(ppm) newborn ratsb mature ratsc newborn ratsb mature ratsc 



10,000 18/44 13/46 20/44  1/24 



6,000 20/42 22/42 20/42  1/27 
aAll sites, including angiomas.

bExposed 4 hours/day, 5 days/week for 5 weeks beginning at 1 day of age.

cExposed 4 hours/day, 5 days/week for 52 weeks beginning at 13 weeks of age.




Source:  Maltoni et al., 1981 (experiments BT14 and BT1). 
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Mechanistic studies are consistent with these tumor findings and suggest factors 
associated with early-life sensitivity. Laib et al. (1979) found that VC induces preneoplastic foci 
in newborn, but not mature, rats. In a subsequent study, Laib et al. (1985) studied the effect of 
age on induction by VC of hepatic adenosine-5’-triphosphatase (ATPase) deficient enzyme-
altered foci, a putative precursor of hepatocellular carcinoma. Groups of newborn male and 
female Wistar rats inhaled 2,000 ppm VC for different periods of time; their livers were 
evaluated at 4 months. The investigators concluded that “the induction of pre-neoplastic 
hepatocellular lesions in rats by vinyl chloride is restricted to a well defined period 
(approximately day 7 to 21) in the early lifetime of the animals.” The lack of response in the first 
5 days to the lack of hepatocellular proliferation and the low rate of VC metabolism at this stage 
of development. 



Laib et al. (1989) found that inhaled radiolabeled VC was incorporated into physiological 
purines of 11-day-old Wistar rats at eightfold higher levels than in similarly treated adult rats 
(presumably reflecting DNA replication activity), and roughly fivefold higher levels of the DNA 
adduct OEG were found in the livers of young animals (reflecting an increased alkylation rate). 
Although OEG is not believed to be a precarcinogenic lesion, it is reasonable to expect that its 
levels are correlated with levels of other precarcinogenic adducts. In a similar study, Fedtke 
et al. (1990) observed roughly fourfold greater concentrations of both OEG and N2,3-EG in 
preweanling rats exposed to VC. 



An increased incidence of altered hepatocellular foci was noted among mature animals 
that were exposed in utero and neonatally as compared to those that were not (CMA, 1998b). 
This increased incidence could have been due to exposure during these susceptible periods of the 
life cycle but could also have been due merely to longer overall exposure. Also, basophilic foci 
were observed in female rat liver in the study of Til et al. (1983, 1991) among animals that were 
exposed beginning at 5 weeks of age. 



As discussed above and in Section 5.3.5.1, several studies provide evidence for increased 
sensitivity to VC-induced carcinogenesis in early-life and prenatal exposures in experimental 
animals. Early-life data on humans, however, are lacking because most exposures have been 
limited to occupational groups. Nevertheless, many of the factors likely to be responsible for 
early-life sensitivity in animals are present in humans. Recommended adjustments to 
quantitative risk estimates to account for early-life sensitivity are given in Section 5.3.5.1. 



4.7.2. Possible Gender Differences 



Human evidence is unavailable regarding possible sex differences in sensitivity to health 
effects from exposure to VC. Cohorts evaluated in epidemiology studies have been primarily 
male workers. Evidence from case reports is also lacking. Maltoni et al. (1981, 1984) reported 
only small differences in liver cancer susceptibility in either rats or mice exposed via inhalation 
to VC, although female rats did show the greatest response In feeding studies with rats, 
neoplastic nodules and preneoplastic alterations such as basophilic foci were induced at lower 
concentrations in females (Til et al., 1983, 1991). There was also some indication of increased 
susceptibility to induction of nonneoplastic pathological changes such as liver cysts. In this 
study, females had higher incidences of liver tumors than males. While no definite conclusions 
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can be made regarding possible human sex differences in susceptibility to liver tumor induction 
by VC, a conservative approach of basing both oral and inhalation risk estimates on the female 
rat data was nevertheless considered to be prudent. 



There is some evidence for an increase in mammary tumors in female rats, However, 
these tumors in rats occurred sporadically, without a positive dose-response relationship, and 
appear to occur in strains with a high background rate of mammary tumors. Moreover, there 
have been no reports of breast cancer induction in humans associated with VC exposure. 



5. DOSE-RESPONSE ASSESSMENTS 



5.1. ORAL REFERENCE DOSE (RfD) 



5.1.1. Choice of Principal Study and Critical Effect 



Two related chronic dietary studies of VC in rats exist (Feron et al., 1981; Til et al., 1983, 
1991). Til et al. (1983, 1991) are the unpublished and published versions of the same study, 
conducted under the same conditions as the Feron et al. (1981) study, but at lower doses. As 
discussed in Section 4.2, altered hepatocellular foci observed in the Til et al. study (1983, 1991) 
are likely to be preneoplastic lesions produced via a genotoxic mechanism, consistent with the 
known mechanism of VC carcinogenicity. The Agency for Toxic Substances and Disease 
Registry (ATSDR, 1995) derived a chronic oral minimal risk level (MRL) based on the 
basophilic foci observed in the Til et al. (1983, 1991) study at the lowest administered dose 
tested (0.018 mg/kg-day). However, that document does not address the preneoplastic nature of 
this lesion, and the authors do not appear to have considered whether a preneoplastic endpoint is 
appropriate for the derivation of an MRL. 



Based on these considerations of protocol and results, the Til et al. (1983, 1991) study 
was used in the derivation of the RfD. This was a well-conducted chronic dietary study with 
adequate numbers of rats that found an increased incidence of two nonneoplastic endpoints, liver 
cell polymorphism and cysts, at a LOAEL of 1.3 mg/kg-day and a NOAEL at 0.13 mg/kg-day. 
Cysts, described as proliferating bile duct epithelium, are not considered to be precursors of 
hepatocellular tumors because tumors did not develop from this location. Liver cell 
polymorphism was described as affecting both the nucleus and cytoplasm of the liver cells and is 
considered to be a toxic rather than a carcinogenic effect (Schoental and Magee, 1957, 1959; 
Afzelius and Schoental, 1967). All other significant findings in this study were either neoplastic 
or preneoplastic (see Section 4.2). 



36












5.1.2. Methods of Analysis—Including Models (PBPK, BMD, etc.) 



5.1.2.1. PBPK Model 



The oral RfD, inhalation RfC, oral cancer slope factor, and inhalation unit risk were all 
derived using a PBPK model to extrapolate animal exposure data to humans. Therefore, general 
aspects of the model are described here, and aspects specific to inhalation noncancer toxicity and 
to carcinogenesis are described in Sections 5.2.2 and 5.3.2, respectively. 



The PBPK model for VC developed by Clewell et al. (1995a) is shown in Figure 2. The 
model is basically an adaptation of a previously developed PBPK model for vinylidene chloride 
(D’Souza and Andersen, 1988). This model was also used to develop independent cancer risk 
estimates for VC (Clewell et al., 1995c). For a poorly soluble, volatile chemical like VC, only 
four tissue compartments are required: a richly perfused tissue compartment that includes all of 
the organs except the liver, a slowly perfused tissue compartment that includes all of the muscle 
and skin tissue, a fat compartment that includes all of the fatty tissues, and a liver compartment. 
The model also assumes flow-limited kinetics, or venous equilibration, that is, that the transport 
of VC between blood and tissues is fast enough for steady state to be reached within the time it is 
transported through the tissues in the blood. 



Metabolism of VC was modeled by two saturable pathways, one high affinity, low 
capacity (with parameters VMAX1C and KM1) and one low affinity, high capacity (with 
parameters VMAX2C and KM2). Subsequent metabolism is based on the metabolic scheme 
shown in Figure 1: the reactive metabolites (whether CEO, CAA, or other intermediates) may 
then either be metabolized further, leading to CO2, react with GSH, or react with other cellular 
materials, including DNA. Because exposure to VC has been shown to deplete circulating levels 
of GSH, a simple description of GSH kinetics was also included in the model. 



The model is capable of route-to-route extrapolation, as either oral and inhalation 
exposures may be entered and common dose metrics calculated either at the liver or in the whole 
body. The model is also capable of interspecies extrapolation because it is parameterized for 
humans and several different rodent species such that common dose metrics can be calculated 
for any of these species. Conversion of various oral, intermittent animal, and intermittent human 
exposures to a continuous human exposure concentration (i.e., an HEC) is accomplished by 
comparing the common dose metrics to those obtained from running the model with human 
parameters under continuous exposure conditions. For example, a specific mg/kg-day dose from 
an animal feeding study can be converted by the animal-parameterized model to a dose metric at 
the liver in terms of mg metabolites/volume of liver. This dose metric can be compared with 
those calculated from the human-parameterized model (also in terms of mg metabolites/volume 
of liver) run under conditions of a continuous inhalation exposure to obtain a human dose that 
would correspond to the specific dose of an animal feeding study. 
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Figure 2.  BPK model for vinyl chloride developed by Clewell et al. (1995a).The P











A complete description of the model, including the rationale for parameter choices in 
animals and humans, choice of dose metric, and experimental information used to calibrate and 
optimize the model, is in Appendix B. It is noted here and elsewhere in this document (Section 
6 and Appendices A, B and D) that the inhalation portion of this model is well documented, with 
experimental inhalation data sufficient to impart a relatively high degree of confidence in dose 
metrics derived from inhalation scenarios. Dose metrics derived from oral scenarios do not have 
nearly the amount of data necessary to impart an equivalent level of confidence. To compensate 
for this uncertainty, procedures have been instituted in the oral exposure input to ensure that 
estimates of oral dose metrics would be “worst case” and conservative of public health. 



Based on the analysis in Section 4.5, the liver toxicity endpoints in the Feron et al. (1981) 
and Til et al. (1983, 1991) studies were considered appropriate for the derivation of the RfD. As 
discussed in Section 4.4, the noncancer effects are believed to be due to reactive metabolites, 
possibly CAA. The most appropriate pharmacokinetic dose metric for a reactive metabolite is 
the total amount of the metabolite generated divided by the volume of the tissue into which it is 
produced (Andersen et al., 1987) and is the designated “RISK” in the output of the PBPK model. 
For liver toxicity/carcinogenicity, all metabolism was assumed to occur in the liver, while 
testicular toxicity was assumed to be due to metabolism that occurred in the testes. The dose 
metric chosen for the testes is the total amount of the metabolite generated (scaled across species 
based on body weight) divided by body weight and is designated “AMET” in the output of the 
model. 



Reitz et al. (1996) developed a similar PBPK model, with a description of parent 
chemical kinetics and total metabolism based on the styrene model of Ramsey and Andersen 
(1984). Metabolism of VC was modeled with a single saturable pathway, and the kinetic 
constants were estimated from fitting of closed chamber gas uptake data with rats. The structure 
of the parent chemical portion of the Reitz et al. (1996) and Clewell et al. (1995a) models is 
essentially identical; only the descriptions of metabolism in the two models differ substantially. 
As discussed above, the model of Clewell et al. (1995a) includes a more complex description of 
metabolism, with two saturable oxidative pathways rather than one, and with a description of 
GSH conjugation of the oxidative metabolites. Nevertheless, dose metrics calculated on a 
common set of data using the two models are in close agreement, as demonstrated in 
Appendix A. 



For the noncancer oral and inhalation assessments for VC, dose metrics were calculated 
for liver cell polymorphisms reported in the chronic rat dietary study of Til et al. (1983, 1991) 
(Appendix D). In order to convert these dose metrics to the human equivalent dose, a human 
dose metric was generated from a sample continuous human exposure scenario where 
stimulation of ingestion of 1 ppm in water (0.0286 mg/kg-day assuming 2 L/day/70 kg person) 
yielded a human dose metric of 1.01 mg/L liver. Because VC metabolism is linear in this dose 
range, the ratio of the intake and dose metric provides a factor (1.01/.0286 = 35.31) for 
converting from male and female rats at the NOAEL ([3.03 + 2.96] ÷ [2 × 35.31]) to obtain the 
NOAEL(HEC) = 0.09 mg/kg-day. The corresponding LOAEL(HEC) is 0.85 mg/kg-day ([30.2 + 
29.5] ÷ [2 × 35.31]). 



5.1.2.2. BMD Calculation 
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The same dose metric (mg metabolite/L liver) was calculated for the dose groups (males 
and females combined) and the benchmark analysis performed on this metric and the incidence 
of liver cell polymorphism (males and females combined) reported in the Til et al. (1983, 1991) 
study. The (Appendix D, Table D-6) analysis shows data limitations (only one nonzero 
datapoint in the dataset and wide dose-spacings) and wide variability in the responses from 
various models. As a consequence, the benchmark analysis was not used for quantitation in this 
assessment. 



5.1.3. RfD Derivation 



The NOAEL for liver cell polymorphism in the Til et al. (1983, 1991) study is 0.13 
mg/kg-day, and the LOAEL is 1.3 mg/kg-day. Using the PBPK model of Clewell et al. 
(1995a,b), the corresponding human NOAEL and LOAEL are 0.09 and 0.9 mg/kg-day, 
respectively. 



An uncertainty factor of 10 was used for protection of sensitive human subpopulations 
and 3 for animal-to-human extrapolation. The uncertainty factor for intraspecies variability 
includes the variability in risk estimates that would be predicted by the model for different 
individuals because of variability in physiology, level of activity, and metabolic capability. A 
factor of 3 was used for interspecies extrapolation because, although PBPK modeling refines the 
animal-to-human comparison of delivered dose, it does not address the uncertainty regarding the 
toxicodynamic portion of interspecies extrapolation (relating to tissue sensitivity). As the mode 
of action for the noncancer hepatic effects is perhaps more unclear than that of cancer (see 
Section 4.5), and as there exists some limited and problematic evidence of human susceptibility 
to certain hepatic effects from VC (Ho et al., 1991) the toxicodyanamic component of the 
interspecies uncertainty is retained. For cancer effects this situation is somewhat reversed such 
that there is less uncertainty about the toxicodynamics for carcinogenic effects. Although there 
is relative uncertainty in this assessment with regards to the derivation of the dose metrics from 
oral settings, it is offset by the conservative manner in which these metrics were derived, and no 
extra uncertainty factors are considered necessary. 



No modifying factor is proposed for this assessment. Although testicular effects were 
reported in a study by Bi et al. (1985), the effects occurred at exposure levels that would result in 
a higher value RfD (Appendix D). Developmental and other effects were noted only at high 
concentrations (Appendix D, Table D-2). Based on these considerations, the following RfD was 
derived: 



RfD = 0.09 mg/kg-day ÷ 30 = 0.003 mg/kg-day = 3E-3 mg/kg-day. 
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5.2. INHALATION REFERENCE CONCENTRATION (RfC) 



5.2.1. Choice of Principal Study and Critical Effect 



The RfC is based on liver cell polymorphism and cysts observed in the chronic dietary rat 
study of Til et al. (1983, 1991). Several lines of reasoning justify this choice. The 
NOAEL(HEC) from the Til et al. (1983, 1991) study was calculated (see discussion of PBPK 
model below) and in Appendix D) at 2.5 mg/m3. This concentration is far lower than the 
LOAEL(HEC) of the transient increase in liver weight observed in the study of Bi et al. (1985) at 
28 mg/m3, indicating liver cell polymorphism to be the more sensitive endpoint. More detailed 
analysis of data in the Bi et al. (1985) study is not possible, because the study authors reported 
only the data for those changes that were considered significant, and body weight data were not 
reported. In addition, the power to detect an effect at 12 months was limited by the small 
number of animals sacrificed (n = 6), compared with the 30 animals sacrificed at 6 months. The 
NOAEL(HEC) for liver effects in the 10-month inhalation study of Sokal et al. (1980) was 
calculated at 93 mg/m3 and a NOAEL(HEC) for testicular effects considerably higher at 145 
mg/m3. A NOAEL(HEC) of 93 mg/m3 based on liver effects was also estimated for the 6-month 
inhalation study of Torkelson et al. (1961). An RfC possibly could be derived from among these 
inhalation studies which, with the application of sufficient uncertainty factors, could be made 
quantitatively comparable to that derived with the Til study. However, the experimental 
strengths of the Til study relative to the inhalation studies, including, in addition to the lifetime 
exposure, large group sizes and extensive reporting of results, clearly give a qualitative 
advantage to the the Til study that would be reflected not only in lower uncertainty but 
concomitantly in higher confidence. Although the attributes of the Til study are offset somewhat 
by the uncertainty associated with derivation of the oral dose metrics, it is still judged to be the 
most valid choice for the principal study. 



The numerous occupational studies reporting incidence of liver angiosarcomas (e.g., 
Creech and Johnson, 1974; Waxweiler et al., 1976; Byren et al., 1976) and other liver effects in 
humans (Ho et al., 1991) are of limited usefulness for purposes of quantitative assessment owing 
principally to deficiencies in exposure information. These studies, however, do provide a clear 
link of relevancy to the animal data of Til et al. (1983, 1991) in that liver tumors and liver effects 
remain as the basis of the assessment. 



ATSDR (1995) based an intermediate-duration inhalation MRL on increased relative 
liver, heart, and spleen weights in the Bi et al. (1985) study. Because a pharmacokinetic model 
was not used, the oral studies of Feron et al. (1981) and Til et al. (1983, 1991) were not an option 
for ATSDR. Interpretation of the organ weight data in the Bi et al. (1985) study is complicated 
by the fact that the study did not report absolute organ weights, relative weights for groups with 
no significant differences, standard deviations, or histopathology results (except in the testes). 



Other endpoints in these and other studies occurred at higher exposure levels and thus 
were not considered as appropriate for the critical effect as in the liver. These endpoints 
included increased incidence of damage to the testicular seminiferous tubules in rats (Bi et al., 
1985), increased liver weight and liver lesions (Sokal et al., 1980), increased damage of 
spermatogenic epithelium (Sokal et al., 1980), increased liver weight (Torkelson et al., 1961; 
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Wisniewska-Knypl et al., 1980), and lipid accumulation (Wisniewska-Knypl et al., 1980). These 
efforts are quantitatively compared in Appendix D. 



5.2.2. Methods of Analysis—Including Models (PBPK, BMC, etc.) 



5.2.2.1. Route-to-Route Extrapolation 



Deriving an inhalation RfC from an oral study requires route-to-route extrapolation. 
Agency guidelines (U.S. EPA, 1994b) indicate that VC would be a candidate chemical for this 
extrapolation as adequate toxicity data exist from one route (oral), and the observed toxicity is 
observed in the liver, remote from the portal of entry. The concurrence of liver as the target 
organ across routes, the substantial amount of kinetic information available on VC, the lack of 
any reported portal-of-entry effects in existing inhalation studies, and the development of several 
PBPK models for VC make this chemical an even more compelling candidate for this 
extrapolation procedure. 



5.2.2.2. PBPK Model 



The PBPK model described in Section 5.1.2 was used to extrapolate inhalation 
concentrations from the oral data of Til et al. (1983, 1991) by calculating a dose metric (mg VC 
metabolite/L liver) that would be common for both the oral and inhalation routes of exposure. 
As information for the oral route of exposure was limited, conservative assumptions of 100% 
oral absorption over a continuous 24-hr period were made to maximize the formation of the 
reactive species. This same metric served as a basis to calculate HECs such that the overall 
transformation of data was from mg/kg-day oral intake in animals to an air concentration for 
continuous human exposure. 



The following procedure was employed in the route-to-route extrapolation with the 
chronic oral study of Til et al. (1983, 1991). The dose metric (termed “RISK”) for the animal 
NOAEL was determined by the PBPK model, i.e., the value of the total metabolites per liver 
volume for rats exposed to 0.13 mg/kg-day. This metric was calculated to be 3.00 mg/L liver 
(from the average of the male value of 3.03 and the female value of 2.96). The PBPK model was 
then exercised to determine the same dose metric for a continuous human inhalation exposure. 
The results from a range of exposure concentrations (1 :g/m3 to 10,000 mg/m3) showed that the 
relationship with “RISK” was linear up to nearly 100 mg/m3 with the factor in the linear range 
being 1.18 mg/L liver per mg/m3 VC (Appendix D, Table D-3). This factor was then used to 
convert this metric to a continuous human inhalation exposure. Conversion of the study NOAEL 
of 0.13 mg/m3 was then accomplished by dividing the animal dose metric for this concentration 
by the conversion factor (3.00/1.18) to arrive at a NOAEL(HEC) of 2.5 mg/m3. For the 
LOAEL(HEC), the figures and calculation are (29.9/1.18) or 25.3 mg/m3. 



5.2.2.3. BMC Calculation 
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For the noncancer oral and inhalation assessments for VC, dose metrics were calculated 
from the PBPK model for liver cell polymorphism and cysts reported in the chronic rat dietary 
study of Til et al. (1983, 1991). The same dose metric (mg metabolite/L liver) was calculated 
for the dose groups (males and females combined) and benchmark analysis was performed on 
this metric and the incidence of liver cell polymorphism (males and females combined) reported 
by Til et al. (1983, 1991). The analysis (Appendix D) shows data limitations (only one nonzero 
datapoint in the dataset and wide dose-spacings) and wide variability in the responses from the 
various models. As a consequence, the benchmark analysis was not used for quantitation in this 
assessment. 



Even though benchmark dose/concentration was not appropriate for the analysis of the 
critical effects in Til et al. (1983, 1991), BMCs calculated for the other inhalation studies were 
shown to be considerably higher than for the liver polymorphism endpoint. BMC(HEC) values 
corresponding to a benchmark response (BMR) of 10% extra risk were 182 mg/m3 for damage to 
the testicular seminiferous tubules in rats (Bi et al., 1985); 59 mg/m3 for polymorphism of 
hepatocytes in the 10-month inhalation study of Sokal et al. (1980); 92 mg/m3 for proliferation of 
reticuloendothelial cells, although these may be preneoplastic (Sokal et al., 1980); and 122 
mg/m3 for damage to the spermatogenic epithelium (Sokal et al., 1980). Proliferation of 
reticuloendothelial cells, however, may be preneoplastic. The only continuous endpoint that 
could be modeled was increased liver weight in the studies by Sokal et al. (1980) and 
Wisniewska-Knypl et al. (1980), which reported the same data. The most sensitive BMC(HEC) 
for this endpoint (168 mg/m3) was obtained with the BMR defined as a change in the mean of 
sd0/2, using the polynomial model. The increased relative liver weight observed by Torkelson et 
al. (1961) could not be modeled, but the NOAEL(HEC) based on the tissue dose was 93 mg/m3. 
Similarly, the LOAEL(HEC) for lipid accumulation (Wisniewska-Knypl et al., 1980) was 79 
mg/m3. 



5.2.2.4. Application of Uncertainty Factors (UF) and Modifying Factors (MF) 



The rationale for choice of the critical effect and principal study for the RfC is the same 
used for the oral RfD, i.e., the analysis in Section 4.5. The NOAEL(HEC) derived using the 
internal dose metric for liver cell polymorphism and cysts from the oral feeding study of Til et 
al., 1983, 1991) was 2.5 mg/m3. Section 4.5 and Appendix D, Table D-2, demonstrated that 
NOAEL/LOAELs of other noncancer effects in both oral and inhalation studies were higher then 
those noted for the incidence of liver cell polymorphisms and hepatic cysts. 



As for the RfD, an uncertainty factor of 10 was used for protection of sensitive human 
subpopulations and 3 for animal-to-human extrapolation. The uncertainty factor for intraspecies 
variability includes the variability in risk estimates that would be predicted by the model for 
different individuals because of variability in physiology, level of activity, and metabolic 
capability. A factor of 3 was used for interspecies extrapolation because, although PBPK 
modeling refines the animal-to-human comparison of toxicokinetics, it does not address the 
uncertainty regarding the toxicodynamic portion of interspecies extrapolation (relating to tissue 
sensitivity). As the mode of action for the noncancer hepatic effects is perhaps more unclear 
than that of cancer (see Section 4.5), and as there exists some limited and problematic evidence 
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of human susceptibility to certain hepatic effects from VC (Ho et al., 1991), the toxicodynamic 
component of the interspecies uncertainty factor is retained. For cancer effects, this situation is 
reversed such that there is less uncertainty about the interspecies toxicodynamics for 
carcinogenic effects. Although there is relative uncertainty in this assessment with regards to the 
derivation of the dose metrics from oral settings, it is offset by the conservative manner in which 
these metrics were derived, and no extra uncertainty factors are considered necessary. 



No modifying factor is proposed for this assessment because the quality of the critical 
study was high, and because effects measured at organs other than the liver occurred only at 
considerably greater exposure levels. Based on these considerations, the following RfC was 
derived: 



RfC = 2.5 mg/m3 ÷ 30 = 1E-1 mg/m3. 



5.3. CANCER ASSESSMENT 



As discussed in Section 4.6, VC is considered to be a known human carcinogen by the 
oral and inhalation route, and highly likely to be carcinogenic by the dermal route of exposure. 
The weight of evidence is based upon (1) consistent epidemiologic evidence of a causal 
association between occupational exposure to VC via inhalation and development of liver 
angiosarcoma; (2) consistent evidence of carcinogenicity in rats, mice, and hamsters via the oral 
and inhalation routes; (3) mutagenicity and DNA adduct formation by VC and its metabolites in 
numerous in vivo and in vitro test systems; and (4) efficient VC absorption via all routes of 
exposure tested, followed by rapid distribution throughout the body. 



5.3.1. Choice of Study/Data With Rationale and Justification 



5.3.1.1. Human Data 



As discussed in Section 4.1, numerous human studies have documented the association 
between occupational exposure to VC and the development of angiosarcomas and other cancers. 
Three of these studies were used to develop dose-response assessments (Fox and Collier, 1977; 
Jones et al., 1988; and Simonato et al., 1991). Because exposure was not adequately 
characterized in these studies, recommended potency estimates were based on animal bioassay 
data. The cancer potency estimates derived from these studies do, however, provide support for 
the recommended values. The most detailed exposure information was provided by Fox and 
Collier (1977). In this study, since only four deaths from liver cancer (two of which were 
angiosarcoma) were recorded, a high degree of uncertainty in relative risk adds to the exposure 
uncertainty. In the Jones et al. study, an update of Fox and Collier, adequate exposure data were 
available only for autoclave workers, for which seven liver angiosarcoma deaths were recorded. 
The Simonato et al. (1991) study has the largest cohort and the most liver deaths (24) but less 
accurate exposure information because data were collected from several different workplaces, 
and because of possible misclassification of workers.  The PBPK model of Clewell et al. (1995a) 
was used to calculate a cumulative internal dose metric for these studies. Because VC 
metabolism begins to be nonlinear at the high exposure levels in these studies, cumulative 
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exposure (e.g., ppm-years) was not sufficient for a quantitative assessment. Instead, only data 
sets providing information on both exposure level and duration (or cumulative exposure, from 
which duration could be estimated) were considered appropriate for modeling. Risk estimates 
(95% upper bound) derived using these three studies ranged from 2.8 × 10-7 to 2.8 x 10-6 per 
:g/m3 VC. An earlier estimate by Chen and Blancato (1989), based on the results of Fox and 
Collier (1977) was also within this range. (See Appendix B for details). 



5.3.1.2. Animal Data 



Three studies were located that provided data on the oral carcinogenicity of VC. The oral 
cancer assessment was based on a well-conducted study by Feron et al. (1981) in which rats 
were administered VC in the diet for 135 or 144 weeks. VC volatilization and VC in the feces 
were measured to ascertain actual intake of VC. A related dietary study was conducted at lower 
doses (Til et al., 1983, 1991), but this study did not provide adequate dose-response information, 
since the tumors were found only at the highest dose. Maltoni et al. (1981, 1984) conducted a 
carcinogenicity study of VC administered by vegetable oil gavage to male and female rats. The 
data from this vegetable oil gavage study were not considered appropriate as the basis for a risk 
assessment. Chloroform administered in corn oil has been shown to have stronger 
hepatotoxicity than the same doses administered in an aqueous suspension (Bull et al., 1986). 
Corn oil has also been shown to increase peroxisomal oxidative enzyme activity in rats 
(DeAngelo et al., 1989); peroxisomal proliferators have been shown to be hepatic tumor 
promoters. Thus, the toxicity and promotional environment created in the liver by continual 
dosing with large volumes of vegetable oils could potentiate the effects of genotoxic carcinogens 
in the liver. For this reason, the single gavage dose used in the Feron et al. (1981) study was also 
not included in the dose-response assessment. Finally, the PK model used in this assessment has 
limited, poor data with which to calibrate this administration route (Appendix B). 



Evidence for enhanced sensitivity to the carcinogenic effects of VC during early-life 
exposure were provided by Maltoni et al. (1981), Drew et al. (1983), and Laib et al. (1985). 
Since these studies are inadequate to develop dose-response estimates, recommended estimates 
are based upon the long-term oral study by Feron et al. (1983) and inhalation studies reported by 
Maltoni et al. (1981, 1984). The former studies, however, did provide sufficient evidence for 
recommending a twofold adjustment of risk for to account for early-life exposure. For details 
see Section 5.3.6. 



Molecular toxicology data suggest that the VC-induced liver angiosarcomas and 
hepatocellular carcinomas in rodents develop via different pathways. Knockout of the p53 
tumor suppressor gene in mice results in the spontaneous development of angiosarcoma, along 
with malignant lymphoma, but not hepatocellular carcinoma (Donehower et al., 1992). In 
contrast, accelerated development of hepatocellular carcinoma in rodents is associated with 
overexpression of the myc and ras oncogenes (Sandgren et al., 1989), but not with mutational 
loss of p53 function (Greenblatt et al., 1994). The data therefore suggest that the hepatocellular 
tumors and possibly the neoplastic nodules observed in rodents may occur via a p53-independent 
mechanism, more likely related to myc and ras, while the angiosarcomas develop via a p53-
dependent mechanism. 
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Chemically induced human liver carcinogenicity is associated with mutational alteration 
of multiple genes, consistent with a mutagenic mode of action. Mutations in the p53 tumor 
suppressor gene are the most common gene alteration identified in human cancers and have been 
associated with aflatoxin-induced human hepatocellular carcinoma (Greenblatt et al., 1994). Ras 
oncogene mutations have also been found in human liver cancers (Bos, 1989), and VC-induced 
human angiosarcoma is associated with frequent mutation of ras oncogenes (DeVivo et al., 
1994). In fact, the presence of both mutant ras and p53 tumor suppressor genes has a predictive 
value of 0.67 for liver tumors in humans (Marion et al., 1996). On the basis of these studies, it 
has been suggested that chemicals that act through a p53-dependent process are more likely to be 
trans-species carcinogens than those that act through a p53-independent process such as ras 
activation (Tennant et al., 1995; Goldsworthy et al., 1994). As noted above, however, both p53 
and ras mechanisms appear to be implicated in human liver cancers. 



According to EPA’s Guidelines for Carcinogen Risk Assessment (U.S. EPA, 1986a), 
when significant increases in tumor induction occur at more than one site, animals with tumors 
at all such sites are included in the total, unless mechanistic data are sufficient to discount them. 
Animals with either liver angiosarcoma or hepatocellular tumors were included for quantitating 
risk because both tumor types were significantly increased in the Feron et al. (1981) oral 
exposure study. Neoplastic nodules in the liver were also included because they are considered 
equivalent to adenomas and also because it is considered likely that they will progress to 
carcinomas if survival duration is sufficient. Although the increase in hepatocellular tumors was 
smaller and nonsignificant in the Maltoni et al. (1981, 1984) inhalation studies, they were 
counted for quantitation because liver tumors were associated with VC exposure in the Feron et 
al. (1981) study. This decision is supported by evidence that, even though the majority of liver 
tumors reported in VC-exposed workers were angiosarcomas, some hepatocellular tumors, also a 
rare tumor type in humans, were usually noted (Wong et al., 1991; CMA 1998a). Lack of 
individual animal data could result in counting some animals twice. However, because of the 
small number of hepatocellular tumors any errors are likely to be minimal. 



Several animal studies investigated the carcinogenicity of VC via the inhalation route. 
Maltoni et al. (1984) conducted the most thorough analysis, in which male and female mice and 
rats were exposed to a wide range of VC concentrations for 30 weeks (mice) or 1 year (rats) and 
then followed through 135 weeks after the initiation of exposure. Other studies did not 
characterize the concentration-response curve as well (Bi et al., 1985; Hong et al., 1981; 
Keplinger et al., 1975; Lee et al., 1978) or did not observe angiosarcomas (Feron and Kroes, 
1979; Viola et al., 1971). For a review of recent results of human and animal exposures to VC, 
mechanistic data, DNA reactivity, and attempts at cross-species extrapolation of cancer risk see 
Whysner et al. (1996). 



In accordance with the Proposed Guidelines for Carcinogen Risk Assessment (U.S. EPA, 
1996a), the potential for using preneoplastic endpoints as a basis for the cancer assessment was 
evaluated. Two potential preneoplastic changes were considered: altered hepatocellular foci, 
i.e., clear cell foci, basophilic foci, and eosinophilic foci (Feron et al., 1981; Til et al., 1983, 
1991) and DNA adducts (Swenberg et al., 1992; Morinello et al., 1999). The altered 
hepatocellular foci might be used to extend the tumor dose-response curve to lower doses, 
reducing the amount of extrapolation necessary to reach the exposure levels of interest. In order 
to conduct such an extrapolation, it would be necessary to determine a correspondence factor 
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between the incidence of foci and the tumor incidence in the portion of the dose-response curve 
where both foci and tumors are observed. No attempt was made to conduct such a calculation, 
however, because the observed foci are precursors to hepatocellular carcinoma, while 
angiosarcomas, the tumor type of greatest relevance to human risk assessment, are derived from 
sinusoidal cells. Proliferation of sinusoidal cells was also observed in these studies, but the 
incidence did not achieve statistical significance, and any increased response did not extend to 
doses below those at which angiosarcomas were observed. 



As discussed in Section 4.4, VC exposure results in the formation of DNA adducts, and 
four highly persistent ethenoguanine-DNA adducts have been associated with VC 
carcinogenicity (Swenberg et al., 1992). More recently Morinello et al. (1999) reported a steep 
dose-response for N2,3-ethenoguanine adducts at low VC exposure concentrations, with a 
leveling off at higher concentrations, a response consistent with both metabolic activation rates 
and tumor induction. Adduct levels normally cannot be used directly to extend tumor dose-
response data to lower doses, since tumor formation from adducts depends on many factors, 
including the consequences of adduct repair or failure to be repaired. Thus, although a 
quantitative analysis of the relationship between VC metabolism, adduct formation, and tumor 
formation is likely to be a fruitful area for additional research, it is premature to attempt to 
establish a quantitative link between the tissue concentrations of a specific adduct and the risk of 
cancer in that tissue. 



5.3.2. Dose-Response Data 



Oral cancer risk was calculated based on the incidence of combined liver angiosarcomas, 
hepatocellular carcinomas, and neoplastic nodules in female Wistar rats in the dietary study of 
Feron et al. (1981). Data on females was utilized because their greater sensitivity. The 
administered doses and tumor incidences are shown in Table 7. 



Inhalation cancer risk was calculated based on the incidence of liver angiosarcoma, 
angioma, hepatoma, or neoplastic nodules in the inhalation study of Maltoni et al. (1981, 1984), 
conducted with female Sprague-Dawley rats. The incidence is shown in Table 8. 



5.3.3. Dose Conversion 



Doses were not converted to human equivalents prior to the calculation of risk. Instead, 
the risk modeling (linearized multistage [LMS] or the dose associated with a lifetime cancer risk 
of 10% [LED10]) was conducted based on the animal dose metric to the liver “RISK.” Then, 
consistent with the statement that “. . . tissues experiencing equal average concentrations of the 
carcinogenic moiety over a full lifetime should be presumed to have equal lifetime cancer risk” 
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(U.S. EPA, 1992), the calculated risk values based on the dose metric were assumed to 
correspond to the same risk for the same human dose metric. In order to convert the human dose 
metric to a human dose, the model was run for a sample human continuous oral exposure (1 
mg/L in drinking water) to determine the dose of metabolites to the human liver corresponding 
to a given ingested dose. Since VC metabolism is linear in the human in the dose range of 
interest, this equivalence factor could be used to convert the risk based on the dose metric (now 
in humans) into the human oral dose. Similarly, the equivalence factor for inhalation exposure 
was calculated by determining the human dose metric for continuous human inhalation exposure 
to a range of exposure concentrations (1 :g/m3 to 10,000 mg/m3). This calculation showed that 
the model was linear up to nearly 100 mg/m3, and the calculated equivalence factor was used to 
convert the risk from the inhalation experiments conducted in animals (in the units of the dose 
metric) to human risk values. 



An area of uncertainty in any risk assessment utilizing animal data is cross-species 
extrapolation of dose. Data collected on chemotherapeutic agents (Freireich et al., 1966) 
supports a roughly 10-fold lower minimally toxic dose in humans compared with rodents. These 
data served as the principal basis for the use of a body surface area scaling as the default method 
in cancer risk assessments. Empirically, the best estimate of scaling is bw3/4 (U.S. EPA, 1992). 
These findings reflect general expectations of more rapid detoxification by smaller animals 
resulting from faster metabolic rate. This renders them less susceptible to a given dose per unit 
body weight. The PBPK model accomodates adjustments for metabolic rate as well as other 
species-related dosimetric variables such as blood-to-air partition coefficients, liver perfusion 
rates, etc. The model therefore provides a more accurate estimate of steady-state target site 
concentration than use of default methods. On the other hand, while the PBPK model is 
explicitly designed as a dosimetric adjustment, the presence of a toxicodynamic component is 
not explicitly addressed. Barton et al. (1998) suggested use of a default of 10 in the absence of 
either pharmacokinetic or pharmacodynamic data. He also suggested a default of 1.0 if either a 
PBPK model or bw3/4 is employed for scaling, although based upon data the value might range 
between 0.1 and 10. 



The animal-to-human extrapolation factor employed in derivation of the noncancer RfD 
and RfC is viewed by this Agency and others as comprising a pharmacokinetic (PK dose to 
tissue) and a pharmacodynamic (PD; tissue response) component. In adjusting for animal-to-
human differences, PBPK models utilize pharmacokinetic information to adjust for dose; they do 
not adjust for pharmacodynamic differences. Hence the application of a partial uncertainty 
factor for pharmacodynamics as discussed in the derivation of the RfD/C assessments. 



When used in a cancer dose-response assessment involving animal-to-human 
extrapolation as with VC, a PBPK model similarly accounts for pharmacokinetic but not 
pharmacodynamic differences. A primary issue is whether there is a need to a need to account 
for species differences in PD or not. If sufficient information exists to provide a rationale that 
there are no differences, i.e., that they are the same or the adjustment factor is 1, then there exists 
no need to adjust. This appears to be the situation for VC based on the following reasons. 



Cancer risk estimates based on epidemiologic data provided no evidence for greater 
carcinogenic sensitivity to VC in humans than rats or mice. Chen and Blancato (1989) derived 
lifetime risks for liver cancer based on epidemiology studies of 2.7 × 10-7 to 1.6 × 10-6 per :g/m3. 
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Clewell et al. (Appendix B) developed unit risks of 0.46 × 10-6 to 2.8 × 10-6 per :g/m3 based 
upon the Fox and Collier (1977) study, 0.65 × 10-6 to 2.4 × 10-6 per :g/m3 based upon the Jones et 
al. (1988) study, and 0.27 × 10-6 to 0.53 × 10-6 per :g/m3 based upon the Simonato et al. (1991) 
study. Reitz et al. (1996) while not deriving a formal quantitative risk estimate based on the 
Simonato et al. (1991) study, nevertheless reported that a unit risk estimate of 5.7 × 10-7 per 
:g/m3 using the Maltoni et al. (1981, 1984) data overestimated human risk 10- to 35-fold. 
Swenberg et al. (1999) reported that N2,3-ethenoguanine (N2,3-EG) has demonstrated miscoding 
potential (see Section 4.4.2). Numbers of these adducts correlate very closely with concentration 
of chlorethylene oxide the presumed active metabolite of VC. Both humans and rats have 
similar amounts of endogenous N2,3-EG and it is reasonable to assume that they would show a 
similar exposure response. In summary, the epidemiologic data, while individually weak, 
collectively suggest that humans are no more susceptible to VC than are laboratory species and 
may be less so. Limited mechanistic data also provide no evidence for greater sensitivity in 
humans. A pharmacodynamic adjustment of 1.0 is therefore considered to be adequately 
protective. Storm and Rozman (1997) in an extensive review reached similar conclusions. 



5.3.4. Extrapolation Method(s) 



Two methods were used to extrapolate to low doses. Linear extrapolation is the 
appropriate methodology for VC, a chemical known to act via a genotoxic mechanism. The first 
extrapolation method used was the linearized multistage model (extra risk), in accordance with 
the current risk assessment guidelines (U.S. EPA, 1987). In accordance with the Proposed 
Guidelines for Carcinogen Risk Assessment (U.S. EPA, 1996), the LED 10/linear method was 
also employed. This method draws a straight line between the point of departure from the 
observed data, generally the LED10 (the lower 95% limit on a dose that is estimated to cause a 
10% response) and the xy axis. 



5.3.5. Oral Slope Factor and Inhalation Unit Risk 



The oral slope factor and inhalation unit risk calculated for VC are presented in Table 9 
(LMS model) and Table 10 (95% lower bound on the ED10). The values calculated using these 
two methods were very similar. The oral slope factor using the LMS model was determined to be 
7.2 × 10-1 per (mg/kg)/day. Inhalation unit risk estimates of 2.6, 2.1, 1.0, and 4.4 × 10-6 per 
:g/m3 for male mice, female mice, male rats, and female rats, respectively were derived. The 
more conservative estimate of 4.4 x 10-6 per :g/m3 is recommended. The risk estimates are based 
upon the assumption of continuous lifetime exposure beginning at adulthood. If exposure begins 
early in life, addition of a twofold uncertainty factor is recommended. The basis for this application 
is discussed below. 



Extrapolation of the oral risk estimate to an inhalation unit risk results in a value of about 
1 × 10-4 per :g/m3. The difference in potency estimates appears to be due primarily to the large 
number of neoplastic nodules reported in the Feron et al. (1981) study, but not seen in the 
Maltoni et al. (1981, 1984) studies. This difference may be due to different strains of rats used, 
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Table 9. Lifetime human cancer risk estimates based on incidence of liver 
tumors in animal bioassays with extrapolation using the LMS 



Oral slope 
Inhalation riska factorb 



Study Sex (per :g/m3) (mg/kg-day) 



Rats, dietary 
(Feron et al., 1981) 



Mice, inhalation 
(Maltoni et al., 1981, 
1984, BT4) 



Rats, inhalation 
(Maltoni et al., 1981, 
1984, BT1, BT2, and 
BT15) 



F 7.2 × 10-1 



M 2.6 × 10-6 



F 2.1 × 10-6 



M 1.0 × 10-6 



F 4.4 × 10-6 



aBased on incidence of liver angiosarcomas.

bBased on combined incidence of liver angiosarcomas, hepatocellular carcinomas, and neoplastic nodules.




Table 10. Lifetime human cancer risk estimates based on incidence of liver 
tumors in animal bioassays with extrapolation using the ED10/linear method 



Oral slope 
Inhalation riska factorb 



Study Sex (per :g/m3) (mg/kg-day) 



Rats, dietary F 7.5 × 10-1 



(Feron et al., 1981) 



Mice, inhalation M 2.4 × 10-6 



(Maltoni et al., 1981, 
1984, BT4) F 2.7 × 10-6 



Rats, inhalation M 0.9 × 10-6 



(Maltoni et al., 1981, 
1984, BT1, BT2, and F 4.2 × 10-6 



BT15) 



aBased on incidence of liver angiosarcomas.

bBased on combined incidence of liver angiosarcomas, hepatocellular carcinomas, and neoplastic nodules
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different ages at the start of the study, or other unknown factors. Since not all neoplastic nodules 
are likely to progress to carcinomas, the oral risk estimate is considered to be quite conservative. 
Procedures were also instituted in the model to ensure the most conservative estimate in 
extrapolating from the oral to the inhalation route, such as assuming 100% absorption over a 
24-hour period. 



Despite the limitations of the data, the possibility of additional risk due to tumor 
induction at nonliver sites deserves consideration. To accommodate the possibility of increased 
risk from nonliver tumors, potency estimates based on the induction of either kidney or 
mammary tumors were derived, even though the incidence of these tumors were quite sporadic. 
Since the PBPK model does not contain a mammary tissue compartment, and since there are no 
adequate data on the metabolism of VC in mammary tissue to construct one, a “zero order 
approximation” approach was utilized in which metabolism of VC in the liver was used as a 
surrogate for in situ metabolism in mammary tissue. Thus, the same liver dose-metrics, “RISK,” 
i.e., steady-state concentration of the active metabolite per L liver tissue, were calculated for the 
conditions and doses of the bioassays showing increased incidence of mammary tumors. See 
Table 8 in Appendix B. The 95% upper confidence limits of mammary tumor risk in female 
mice and rats, based upon the dose metric “RISK” for studies in which an increase in mammary 
tumors was seen, are listed below. Use of “RISK” results in a conservative estimate of cancer 
potency because it is assumed that mammary tissue metabolizes at the same rate as liver tissue, 
which is considered unlikely. 



Estimated risks from mammary tumors in several studies reported by Maltoni et al. 
(1981, 1984) ranged from 5 × 10-7 to 5 × 10-6 per :g/m3, with one exception, for which a risk of 2 
× 10-4 per :g/m3 was derived for females and 1 × 10-5 per :g/m3 for males (Table 10 in Appendix 
B). In the latter case, increases occurred against a very high background for females (�57%), 
raising the possibility that VC was promoting or synergizing with an ongoing process, if indeed 
there was any biological increase at all. The high background incidence in all the Sprague-
Dawley groups renders conclusions based upon this strain uncertain. Moreover, in this study the 
greatest response occurred at 5 ppm, while in similar studies, reported by Maltoni et al. (1981, 
1984) using the same strain, no mammary tumor responses were noted at exposure 
concentrations of several hundred or even several thousand ppm. 



Wistar rats have a much lower background incidence of mammary tumors. In studies 
reported by Maltoni et al. (1981, 1984) using Wistar rats, control incidence was less than 5%; 
among groups exposed up to 10,000 ppm, the incidences were even lower and in some cases 
zero. In the Feron et al. (1983) study, while slightly elevated but not statistically significant 
increases were reported for mammary carcinomas, mammary fibroadenomas showed a 
significantly decreased incidence. 



Human data regarding the possible induction of breast cancer in females is very limited 
because few women are employed in the VC/PVC industry. Smulevitch et al. (1988) did not 
report any breast cancer cases in a cohort of 1,037 women employed in a Soviet VC/PVC plant. 
No significant increases in breast cancer were reported in other studies of male workers. Breast 
cancer can occur in males, although it is uncommon. Because of the high degree of variability 
and lack of positive dose responses in the animal studies, as well as little indication of effects in 
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limited human data, the breast is considered unlikely to be a sensitive target site in humans if 
indeed it is a target site at all. This conclusion is supported by evidence that the major site of VC 
activation is the liver, combined with the likelihood that little of the active metabolite will escape 
the liver because of its high degree of reactivity. For these reasons any additional adjustment to 
account for possible breast cancer induction is considered to be unnecessary. 



Increases in nephroblastoma were noted only in the Maltoni et al. (1981, 1984) studies. 
Risk estimates ranged from 1.5 × 10-7 to 2.2 × 10-6 per :g/m3 (Table 9 in Appendix B). No 
evidence for nephroblastoma was reported in the Feron et al. (1983) study, even though a high 
incidence of liver tumors occurred. Concern regarding risk from induction of nephroblastoma is 
also decreased because increases in these tumors were not observed in the epidemiology studies. 



No evidence for induction of kidney tumors in humans by VC has been reported. Since 
studies of occupational cohorts, with one exception, included only males, information regarding 
possible breast cancer induction is very limited. In one study that included female workers no 
breast cancer cases were reported (Smulevich et al., 1988). Suggestive evidence for tumors at 
other sites in humans has also been noted, but increases were generally small compared to liver 
tumors. For example, in a recent update of the “American” cohort by CMA (1998b), significant 
increases in brain and and connective tissue tumors were reported. However, increases in 
relative risks were quite small compared with those from liver cancer. While the possibility of 
cancer induction by VC at nonliver sites remains, the evidence indicates that the liver is the most 
sensitive target site. Protection against liver cancer is therefore considered to be protective 
against the possibility of tumor induction at other sites. 



5.3.5.1.  Basis for Recommending Adjustment in Cancer Risk Estimates to Account for Early-
Life Sensitivity 



Several studies have compared the carcinogenic effects of VC in newborn and adult 
animals. Maltoni et al. (1981) reported liver angiosarcomas in 40.5% and hepatomas in 47.6% 
of rats exposed from 1 day of age for 5 weeks to 6,000 ppm VC. At 10,000 ppm angiosarcomas 
were noted in 34.1%, and hepatomas in 45.4%. By contrast, angiosarcomas were noted in 33.3% 
and 11.7% of rats exposed to VC at 6,000 and 10,000 ppm, respectively, beginning at 3 months 
of age, while hepatomas were noted in only 1.7% of either group. Consistent with this 
observation, VC was found to induce preneoplastic foci in newborn rats, but not in adult rats 
(Laib et al., 1979). Interestingly, in the same study it was found that VC did induce 
preneoplastic foci in adult rats after partial hepatectomy, indicating that the appearance of foci, 
and presumably of hepatocellular carcinoma, in neonatal animals was a consequence of the 
increased rate of cell proliferation at that age. Similarly, Laib et al. (1989) found that inhaled 
radiolabeled VC was incorporated into physiological purines of 11-day-old Wistar rats at 
eightfold higher levels than in similarly treated adult rats (presumably reflecting the DNA 
replication activity), and roughly fivefold higher levels of the DNA adduct 7-N-(2-
oxyethyl)guanine (OEG) were found in the livers of young animals, reflecting an increased 
alkylation rate. It should be noted, however, that neoplastic nodules and hepatocellular 
carcinoma were induced in rats exposed to VC in the diet. Although OEG is not believed to be a 
precarcinogenic lesion, it is reasonable to expect that levels of this adduct would correlate with 
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the levels of the precarcinogenic VC adducts. In a similar study, roughly fourfold greater 
concentrations of both OEG and EG were also seen in preweanling rats exposed to VC than 
adults (Fedtke et al., 1990). 



Drew et al. (1983) studied the effects of age and exposure duration on cancer induction 
by VC in rats, mice, and hamsters. Female golden Syrian hamsters, F344 rats, Swiss CD-1 mice, 
and B6C3F1 mice were exposed for 6 hours/day, 5 days/week to VC (50, 100, or 200 ppm for 
mice, rats, and hamsters, respectively) for 6, 12, 18, or 24 months, with the exception of mice, 
which were exposed only up to 18 months. All animals were sacrificed at month 24 or 18 
(mice), and about 50 animals/species/group were tested. Other groups of rodents were held 6–12 
months, and then exposed for 6 or 12 months, and also sacrificed at month 24. Unfortunately, 
time-to-tumor data were not reported in this study, making it impossible to deconvolute the 
impact of survival on the observation of tumors from later exposure periods. Because both mice 
and hamsters showed significant survival effects (life-shortening) from the VC exposures, only 
the data on exposures of rats during the first 12 months of life are appropriate for analysis. In 
the rats, exposure from 0 to 6 months showed an overall similar potency to exposure from 6 to 
12 months of life. In particular, the incidence of hepatocellular carcinoma combined with 
neoplastic nodules and hemangiosarcoma was 24% and 5%, respectively, in rats exposed from 0 
to 6 months, whereas for exposure from 6 to 12 months, the incidence was 31% and 4%, 
respectively. In this study, however, even the 0- to 6-month animals were 8–9 weeks old at the 
start of exposure and thus approaching maturity. 



Although the reactive nature of the carcinogenic metabolites and the lack of P450 activity 
in rodent fetuses would suggest that VC is not a transplacental carcinogen (Bolt et al., 1980), 
data from Maltoni et al. (1981) suggest that it may be. Pregnant rats were exposed from 
gestation day 12-18 to 6,000 or 10,000 ppm VC for 4 hours/day, and tumors were ascertained at 
143 weeks postexposure. Nephroblastomas, forestomach tumors, epithelial tumors, and 
mammary gland carcinomas were observed only in the offspring, and the incidence of Zymbal 
gland carcinomas was higher in transplacentally exposed animals than in maternal animals. 
Since the dams and offspring were followed for the same period, latency is not an issue for this 
experiment. However, it is important to note that the offspring were exposed during 
organogenesis, a period of rapid cell division, and any genotoxic carcinogen would be expected 
to have a higher potency during this period. This apparent increased sensitivity of newborn 
animals occurs in spite of a much lower metabolic capability at birth: during the first week of 
life, the P450 activity in the liver of rats increases from about 4% to about 80% of adult levels 
(Filser and Bolt, 1979). As the fetuses did not possess the capability to metabolize VC, these 
data suggest that CEO was produced by the dam and then transported to the fetuses. 



The preceding studies provide evidence for increased sensitivity to VC-induced 
carcinogenesis in early-life and prenatal exposures in experimental animals. Early-life data on 
humans, however, are lacking because most exposures have been limited to occupational groups. 
Nevertheless, many of the factors likely to be responsible for early-life sensitivity in animals are 
present in humans. Because of more rapid cell division and dosimetric considerations (increased 
respiration or liquid intake per unit body weight, more rapid blood flow to liver), an additional 
correction to account for early-life exposure is recommended. Guidance has previously been 
given to the Regional Offices to double the lifetime risk estimate for VC to account for the 
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additional risk attributable to early-life exposures (Cogliano, 1989, 1990; Cogliano and Parker, 
1992). 



Several observations can be made about the early-life studies: 



1.	 Exposure periods in the early-life studies (Sprague-Dawley rats exposed 5 weeks, 
beginning at 1 day of age, Maltoni et al., 1981, and days 7–21 post conception for 
Laib et al., 1985) do not overlap those of the chronic studies (weeks 14–65) from 
which chronic slope factors and unit risks are derived. 



2.	 The angiosarcoma incidence after short-term, early-life exposure is approximately 
equal to that of long-term exposure starting after maturity (see Table 6), although 
hepatoma incidences differ. 



3.	 Because the effects of early-life exposure are qualitatively and quantitatively 
different from those of later exposures, it would not be appropriate to prorate early-
life exposures as if they were received at a proportionately lesser rate over a full 
lifetime. 



The first observation (nonoverlapping exposure periods) suggests that the full lifetime 
cancer risk can be approximated by adding risks from the nonoverlapping exposures in early life 
and later. The second observation suggests that the angiosarcoma risks from these 
nonoverlapping periods are approximately equal. The third observation suggests that the risk 
from early-life exposure should not be prorated over a longer duration. The experimental studies 
suggest that the risk from short-term exposure immediately after birth may not be reversible 
even in the absence of further exposure later in life. This would effectively double the VC slope 
factors and unit risks; one portion would apply to any early-life exposure; the other to exposures 
later in life. 



In applying these results to partial lifetime exposure, the later-life portion can be 
apportioned according to a curve that declines with age (Cogliano, 1989, 1990; Cogliano and 
Parker, 1992; Cogliano et al., 1996; Hiatt et al., 1994). In contrast, early-life exposures would 
not be prorated over a longer duration. (A simpler approach would be to prorate later-life 
exposures over the life span, while not prorating early-life exposures.) The following examples 
illustrate these adjustments. 



Example 1. Full lifetime exposure (birth through death) to 1 :g/m3. 



Continuous lifetime exposure during childhood: 8.8 × 10-6 × (1 :g/m3) = 8.8 × 10-6 



Total risk: 8.8 × 10-6 



Here the total risk is a single unit risk estimate. 



Example 2. Exposure to 2 :g/m3 from ages 30 to 60. 



Early-life risk: Not applicable.

Later-life risk: (4.4 × 10-6 per :g/m3) × (2 :g/m3) × (30/70) = 3.8 × 10-6.
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Total risk: 3.8 × 10-6 



Here exposure begins at age 30, so there is no early-life component. The later-life component is 
prorated as a duration of 30 years over an assumed life span of 70 years. 



Example 3. Exposure to 5 :g/m3 from ages 0 to 10. 



Early-life risk: (4.4 ×10-6 per :g/m3) × (5 :g/m3) = 22 × 10-6 



Later-life risk: (4.4 ×10-6 per :g/m3) × (5 :g/m3) × (10/70) = 3.1 × 10-6 



Total risk: 25 × 10-6 = 2.5 × 10-5 



In this instance, both “continuous lifetime exposure from birth” and “continuous exposure during 
adulthood” components of risk would apply. The first component would be the early-life risk, 
which can be apportioned from the “exposure from birth” minus “exposure during adulthood” 
components at 8.8 - 4.4 = 4.4 × 10-6. A second component of risk would be another 
apportionment from “exposure during adulthood” for later-life risk. Because the exact age 
window of susceptibility in humans is not known, but is likely to be much shorter in duration 
than 10 years, risk outside this window of susceptibility should be considered, but at the level of 
later-life risk, 4.4 × 10-6. Furthermore, this risk would have to be apportioned based on the 
fractional life span of the exposure, i.e., 10/70 years. The total risk would be summed from 
these two components to be 25 × 10-6 = 2.5 × 10-5. It is recognized that the period of 
susceptibility is accounted for in both of these components. It should be noted, however, that the 
total risk in this instance is far less than what it would be from continuous lifetime exposure 
from birth at (8.8 × 10-6) × (5 :g/m3) = 44 × 10-6. 



In general, the potential for added risk from early-life exposure to VC is accounted for in the 
quantitative cancer risk estimates by a twofold uncertainty factor. If exposure occurs only 
during adult life, the twofold factor need not be applied. 



5.3.5.2. Confidence in the Dose-Response Assessment 



Confidence in the dose-response assessment is medium to high for a number of reasons. 
VC has been shown to be carcinogenic in a large number of animal bioassays as well as in 
epidemiologic studies. The primary target site and major tumor types are also the same in 
experimental animals and humans. VC is a well-characterized genotoxic carcinogen. Its 
carcinogenic activity is attributed to the formation of DNA adducts by the highly reactive VC 
metabolite CEO. There is strong evidence linking etheno-DNA adducts with observed 
carcinogenicity. This increases confidence in extrapolating to low doses using either the ED10 
method or the LMS model. 



Recommendations from epidemiologic-based estimates were not made because of the 
limitations of the studies. The low dose-response estimates from several of these epidemiology 
studies (see Appendix B) nevertheless provide support for assuming the animal-based estimates 
are sufficiently conservative. The epidemiologic studies also suggest that although tumors may 
be induced at other sites, the liver is the most sensitive site. Protection against liver cancer is 
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therefore expected to provide protection against cancer at other sites. It should be noted that 
these risk estimates are based primarily upon health male workers. 



The use of a PBPK model to determine target site concentration of the active metabolite 
allows a more accurate estimate of dose-response than default methods. Uncertainty in the PBPK 
model was determined by conducting a Monte Carlo analysis, in which risk is calculated by 
sampling the distributions of the parameters used in the model, resulting in a distribution of 
calculated risks. This analysis for the VC model found that the 95th percentile of the distribution 
of upper confidence limit (UCL) risks was within 50% of the mean UCL risk. Furthermore, in a 
sensitivity/uncertainty analysis of the parameters used in the model, none of the parameters 
displayed sensitivities markedly greater than 1.0, indicating that there is no amplification of error 
from the inputs to the outputs. This is, of course, a desirable trait in a model to be used for risk 
assessment. The parameters that did have a significant impact on the calculated dose metric (and 
thus the risk) were body weight , alveolar ventilation, cardiac output, liver blood flow and 
volume, blood/air partition coefficient, the capacity and affinity for metabolism and, in the case 
of oral gavage, the oral uptake rate. All of these parameters could be reasonably well 
characterized from experimental data. The sensitivity of the risk predictions to the human values 
of these key determinative parameters implies that the risk from exposure to VC could vary 
considerably from individual to individual, depending on the various combinations and 
permutations of specific physiology, level of activity, and metabolic capability. 



Pharmacodynamics were not addressed by the PBPK model. Since the dose metric is the 
amount of reactive metabolite (CEO) produced, and the putative reactive metabolite (CEO) is 
believed to interact directly with DNA, pharmacodynamics in animals and humans would be 
expected to be similar. Moreover, evidence from bioassays and epidemiologic data suggests that 
humans are no more sensitive to VC than are laboratory animals and indeed may be less 
sensitive. 



6. 	MAJOR CONCLUSIONS IN THE CHARACTERIZATION OF HAZARD AND DOSE 
RESPONSE 



6.1. HUMAN HAZARD POTENTIAL 



6.1.1. Hazard Identification for Cancer Effects 



The association between occupational exposure to VC and the development of liver 
angiosarcomas is one of the best characterized cases of chemical-induced carcinogenicity in 
humans. Liver angiosarcomas are an extremely rare tumor, with only 20-30 cases per year 
reported in the United States. Since the introduction of VC manufacturing, nearly all of the 
reported cases have been associated with VC exposure. VC exposure, including polyvinyl 
chloride, has also been associated with increased death due to primary liver cancer, as well as 
cancer of the brain, lung, and lymphopoietic system. The association of VC with angiosarcoma 
in numerous epidemiologic studies has been supported by findings in rats, mice, and hamsters 
administered VC via the oral and inhalation routes. The mode of action is also well understood 



57












and documented; VC is metabolized to a reactive metabolite, probably CEO, which interacts 
with DNA, forming DNA adducts and ultimately leading to tumor formation. 



On the basis of sufficient evidence for carcinogenicity in human epidemiology studies, 
VC is therefore considered to best fit the weight-of-evidence Category “A,” according to current 
EPA Risk Assessment Guidelines (U.S. EPA, 1986). Agents classified into this category are 
considered to be known human carcinogens. Under the Proposed Guidelines for Carcinogen 
Risk Assessment (U.S. EPA, 1996), it is concluded that VC is a known human carcinogen by the 
inhalation route of exposure based upon human evidence, and by the oral route on the basis of 
extensive positive data in oral animal studies and the knowledge that VC is well absorbed by the 
oral route. VC is also considered highly likely to be carcinogenic by the dermal exposure route 
because it is well absorbed by this route and is a systemic carcinogen. 



6.1.2. Hazard Identification for Noncancer Effects 



The liver is the primary target for the noncancer effects of VC in animals (Bi et al., 1985; 
Feron et al., 1981; Sokal et al., 1980; Til et al., 1983, 1991) and humans (Buchancova et al., 
1985; Doss et al., 1984; Gedigk et al., 1975; Lilis et al., 1975; Marsteller et al., 1975; Popper and 
Thomas, 1975; Tamburro et al., 1984). Pathological effects such as liver necrosis, liver cell 
polymorphism, and cysts as well as alterations in liver function have been reported. 



Other effects reported in some occupational studies are associated with exposure levels 
much higher than those that cause liver injury. Acroosteolysis, or resorption of the terminal 
phalanges of the fingers, was observed in workers occupationally exposed to VC (Lillis et al., 
1975; Marsteller et al., 1975), often preceded by clinical signs of RP (Fontana et al., 1995). This 
was most often seen in tank cleaners and is apparently associated with dermal exposure. 
Occupational exposures at high concentrations may induce headaches, drowsiness, dizziness, 
ataxia, and loss of consciousness (Lilis et al., 1975; Langauer-Lewowicka et al., 1983; 
Waxweiler et al., 1977). 



Reproductive effects and testes damage occurred in rats exposed to VC (Short et al., 
1977; CMA, 1988a; Bi et al., 1985). These endpoints, however, were generally noted at 
concentrations greater than those necessary to cause liver damage. 



Although most of the animal and human data result from inhalation studies, these data 
are directly applicable to oral exposure, because VC is rapidly absorbed and distributed 
throughout the body following oral or inhalation exposure. First-pass metabolism is not a major 
issue because the initial function of the liver is activation rather than inactivation. However, 
initial liver concentration may be greater via oral dosing because essentially all absorbed VC 
passes through the liver before possibly entering the systemic circulation. 



6.2. DOSE RESPONSE
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6.2.1. Dose Response for Cancer Effects 



Cancer potency of VC in humans is based on animal experiments because of uncertain 
exposure levels in epidemiology studies. Estimated risk from continuous inhalation exposure to 
VC during adult life is 4.4 × 10-6 per :g/m3. Estimated lifetime cancer risk from oral exposure to 
VC is 7.2 × 10-1 per mg/kg-day. 



Quantitation of risk is based upon tumor incidences in female rats in the feeding study 
reported by Feron et al. (1983) and female rat inhalation studies reported by Maltoni et al. (1981, 
1984). The Maltoni et al. (1981, 1984) studies included both mice and rats exposed to a wide 
range of concentrations. The Feron et al. (1983) studies included three exposure levels and is 
supported by a subsequent study by (Til et al., 1991), conducted under nearly identical 
conditions that included two lower exposures. The studies were well designed and utilized 
adequate numbers of animals. 



Risk estimates were based upon estimates of the concentration of the active metabolite of 
VC, CEO, in the liver. Concentrations were derived using a PBPK model that accounted for 
species differences in factors such as ventilatory exchange rates, blood-air partition coefficients, 
metabolic activation rates, organ volumes and flows, etc. Use of this model allows a more 
accurate estimation of risk than default models such as body surface area correction, which was 
not applied because the PBPK model adjusts for differences in metabolic rate among species. 
Pharmacodynamics were not addressed by the PBPK model. However, the dose metric is the 
amount of reactive metabolite produced which is believed to interact directly and 
indiscriminately with DNA, either animal or human. Given the assumptions about various 
aspects of pharmacodynamics such as similar repair (or lack of repair) rates between animals and 
humans, the validity of the extrapolation of physiological time between animals and humans, and 
the use of a dose metric that is normalized for the size of the liver (i.e., amount of metabolite 
produced per liter liver), the pharmacodynamics of the vinyl chloride cancer response in animals 
and humans may be reasonably expected to be quite similar. 



Several studies have provided evidence for early-life sensitivity to VC-induced tumors. 
Maltoni et al. (1981) reported markedly increased cancer incidence in rats exposed via inhalation 
beginning at 1 day of age compared with those exposed beginning at 13 weeks of age. Mice, 
rats, and hamsters were shown to be more sensitive to cancer induction if exposed at a younger 
age (Drew et al., 1983). Vinyl chloride induction of preneoplastic liver foci in rats is restricted 
to exposures at approximately 7 to 21 days of age (Laib et al., 1979). None of these studies 
were considered to be suitable for deriving recommended unit risk estimates because of short 
exposure durations, single exposure levels, or reporting of endpoints other than cancer. The 
Maltoni et al. (1991), Drew et al. (1983), and Laib et al. (1979) studies, however, provide a basis 
for recommending a twofold adjustment of estimated cancer risk to account for early-life 
exposure. 



Although results of several epidemiology studies were positive for liver cancer, exposure 
concentrations were of sufficient uncertainty to preclude recommendation of risk estimates 
derived from these studies. Considerable variation in exposure was likely in the larger studies 
that included cohorts from several facilities. Duration of exposure at high concentrations was 
often unavailable. Despite these limitations, several epidemiology studies have been used to 
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estimate cancer risk. The study by Fox and Collier (1977) provided the best data set with 
respect to providing information regarding duration of employment and exposure level 
groupings. Chen and Blancato (1989) used this study to derive a unit risk estimate of about 3 × 
10-6 per :g/m3. The weakness of the study is the small cohort with only two cases of liver 
angiosarcoma. An estimate of 2 × 10-6 per :g/m3 was derived based upon autoclave workers in 
the Jones et al. (1988) study, an update of the Fox and Collier (1977) study. Reitz et al. (1996) 
reported that the unit risk estimate of 5.7 × 10-7 per :g/m3 they derived from animal data was as 
much as 35-fold greater than the predicted tumor rates in humans derived from Simonato et al. 
(1991). While the Simonato study had a larger cohort and more deaths due to liver cancer (24), 
exposure uncertainty was also greater because data were collected from many different 
workplaces in several countries. It should also be noted that many of the workers were still alive 
when these calculations were made, with the likelihood of further deaths from liver cancer. 
While epidemiology-based risk estimates are conservative compared with animal-based ones, the 
occupational cohorts used lack females, children, and other potentially sensitive members of the 
population. 



As discussed in Section 5.3.1, use of DNA adduct levels could be considered as the basis 
for a VC risk estimate. However, adduct levels cannot be used directly to extend tumor dose-
response data to lower doses, since tumor formation from adducts depends on many factors, 
including the nature of the adduct and the consequences of adduct repair or failure to be repaired. 
Thus, although a quantitative analysis of the relationship between VC metabolism, adduct 
formation, and tumor formation is likely to be a fruitful area for additional research, it is 
premature to attempt to establish a quantitative link between the tissue concentrations of a 
specific adduct and the risk of cancer in that tissue. 



Confidence in the risk assessment is increased by the availability of appropriately 
designed and conducted studies, understanding of the mechanisms of VC carcinogenicity, 
allowing risk to be based upon concentration of active metabolite, and the fact that risks based 
on liver angiosaromas (rare tumors in both animals and humans) are in close agreement. VC is a 
well-characterized genotoxic carcinogen. Carcinogenic activity of VC is attributed to the 
formation of DNA adducts by the highly reactive VC metabolite CEO. Therefore, there is 
considerable justification for extrapolating to low doses using either the LED10 method or the 
LMS model. A Monte Carlo analysis, in which risk is calculated by sampling the distributions 
of the parameters used in the model, resulting in a distribution of calculated risks, determined 
that the 95th percentile of the distribution of upper confidence limit (UCL) risks was within 50% 
of the mean UCL risk. Furthermore, in a sensitivity/uncertainty analysis of the parameters used 
in the model, none of the parameters displayed sensitivities markedly greater than 1.0, indicating 
that there was no amplification of error from the inputs to the outputs. 



Confidence in the risk estimates is decreased somewhat by uncertainty regarding the 
possible effect of nonliver tumors on cancer potency. This is especially true for endpoints such 
as the mammary gland, for which some animal studies suggest an additional risk, but for which 
human data are limited. However, both animal and epidemiologic data suggest that the liver is 
the most sensitive target site, and protection against liver cancer should therefore protect against 
cancer at nonliver sites. 



Overall, confidence in the assessment is medium to high. 
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6.2.2. Dose Response for Noncancer Effects 



The quantitative estimates of human risk as a result of low-level chronic exposure to VC 
are based on animal experiments because of uncertainties regarding human exposure levels to 
VC. 



The human oral dose that is likely to be without an appreciable risk of deleterious 
noncancer effects during a lifetime (the RfD) is 3E-3 mg/kg-day. 



Confidence in the principal study is high. The study of Til et al. (1983, 1991) used 
adequate numbers of animals, was well controlled, and reported in detail on the histological 
effects on the liver. There are several corroborative inhalation studies that observed effects on 
the liver and testes in rodents following inhalation exposure. Medium confidence in the database 
results from a lack of a two-generation reproductive study. Other gaps in the oral database can 
be filled on the basis of inhalation toxicity data. Two developmental inhalation studies (John et 
al., 1977; Ungvary et al., 1978) were located that reported embryotoxic effects only at levels 
much higher than those causing maternal toxicity in mice, rats, or rabbits. There is no evidence 
for other effects at doses as low as those inducing effects in the Til et al. (1991) study. The two-
generation reproductive study of CMA (1998) demonstrates liver effects at concentrations where 
reproductive effects were absent, indicating the sensitivity of the liver relative to any effects on 
reproduction. Also, in a dominant lethal study of VC, reduced fertility was observed at a 
concentration greater than that inducing  liver effects in rats (Short et al., 1977). These data 
impart considerable certainty that in the dose-response relationship of VC, liver effects would 
occur before reproductive-related effects. Therefore, the confidence in the database is 
considered high to medium. 



Qualitative differences exist between the dose metrics generated from the PBPK model 
used in this assessment. This difference is due principally to the extent of information available 
for validating the dose metrics derived from different routes of exposure, i.e., inhalation and oral. 
As documented in Appendix B, numerous data sets are available via the inhalation route to both 
parameterize and judge the ability of the model to characterize aspects of VC dosimetry, 
including the dose metrics used in this assessment, that occur in an inhalation scenario. Data 
sets for the oral route, however, are few and problematic (Appendix B), which limits the ability 
to either parameterize or to judge performance of the model for this particular route. Thus, a 
higher degree of confidence is placed in model outputs (dose metrics) derived from inhalation 
scenarios than in those derived from oral scenarios. To attempt to compensate for this 
qualitative difference between the oral and inhalation dose metrics, certain procedures were 
instituted within the model when calculating oral dose metrics, including assumption of a 
maximum rate of VC uptake (i.e., designating it a zero-order process) and spreading the applied 
dose over a 24-hr period, which would maximize the likelihood that the parent VC would be 
metabolized to reactive species (i.e., the basis of this assessment, mg VC metabolized). 



The high degree of confidence in the principal study of Til et al. (1983, 1991), combined 
with the high-to-medium assessment of the database and less-than-high confidence in the 
qualitative aspects of the PBPK, is considered to result in an overall medium confidence in the 
RfD. 
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An uncertainty factor of 10 was used for protection of sensitive human subpopulations 
and 3 for animal-to-human extrapolation. The uncertainty factor of 10 for intraspecies 
variability includes the variability in risk estimates that would be predicted by the model for 
different individuals, due to variability in physiology, level of activity, and metabolic capability. 
A factor of 3 was used for interspecies extrapolation because although PBPK modeling refines 
the animal-to-human comparison of delivered dose, it does not address the uncertainty regarding 
the toxicodynamic portion of interspecies extrapolation (relating to tissue sensitivity). The mode 
of action and reactive species are not as clear for noncancer effects as for cancer effects. This 
lack of clarity concerning the reactive species (i.e. CEO or CAA) has consequences regarding 
the toxicodynamic components of this UF. Little, if any, difference would be anticipated to 
occur between animal and human DNA and CEO, whereas considerable differences could exist 
between animal and liver proteins/components and CAA. Therefore, the partial UF for TD is 
retained for the noncancer but not the cancer assessment. No uncertainty factor was considered 
necessary for deficiencies in this relatively complete database. 



Daily inhalation exposure to a human population that is likely to be without an 
appreciable risk of deleterious effects during a lifetime (the RfC) is 1E-1 mg/m3. The RfC is 
based on the same study used to derive the RfD (Til et al., 1983, 1991). As noted above, 
confidence in this study is high. An oral study was used to derive the RfC because it was the 
best study available, effects were reported at lower doses than in any of the inhalation studies, 
and use of the PBPK model allowed route extrapolation of reactive metabolite. 



The overall confidence in the RfC is medium. The study of Til et al. (1983, 1991) used 
adequate numbers of animals, was well controlled, and reported in detail on the histological 
effects on the liver. Since the PBPK model can be used to calculate tissue doses for oral and 
inhalation exposure, detailed information on a range of endpoints is available. There are several 
corroborative inhalation studies that observed effects on the liver and testes in rodents following 
inhalation exposure. Two developmental inhalation studies (John et al., 1977; Ungvary et al., 
1978) were located that reported embryotoxic effects only at levels much higher than those 
causing maternal toxicity in mice, rats, or rabbits. Results from both the reproductive study of 
CMA (1998) and, to a lesser degree, the dominant lethal study of Short et al. (1977) clearly 
indicate that liver effects occur at exposures to VC much less than any reproductive effect or 
parameter examined in these studies. 



As discussed for the RfD, there exist qualitative differences between dose metrics 
generated from oral and inhalation routes by the PBPK model used in this assessment. Data sets 
for the oral route are problematic and few (Appendix B), which limits the ability to either 
parameterize or to judge performance of the model for this particular route. This RfC is based 
on dose metrics derived from the dietary administration study of Til et al. (1983, 1991). Actions 
taken to compensate for this qualitative deficiency were those described above for the RfD, the 
overall intent being to maximize the likelihood of the administered dose to be transformed to 
reactive metabolites in the liver, to obtain the maximum dose metric from any oral dose. 



Comparable to the RfD, an uncertainty factor of 10 was used for protection of sensitive 
human subpopulations and 3 for animal-to-human extrapolation. The uncertainty factor of 10 
for intraspecies variability includes the variability in risk estimates that would be predicted by 
the model because of population variability, and a factor of 3 was used for interspecies 
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extrapolation to address uncertainty relating to potential interspecies differences in tissue 
sensitivity. 



Since VC toxicity results from a reactive metabolite generated by P450 enzymes, 
individuals who generate increased amounts of the toxic metabolite through the induction of 
these enzymes may comprise a sensitive population. The P450 inducers phenobarbital and 
Aroclor 1254 induce VC metabolism and have been shown to increase VC toxicity (Jaeger et al., 
1977; Jedrychowski et al., 1985; Reynolds et al., 1975). Increased sensitivity to the effects of 
VC would also be expected in people with preexisting liver disease. 



Although VC has often been cited as a chemical for which saturable metabolism should 
be considered in the risk assessment, saturation appears to become important only at very high 
exposure levels (greater than 250 ppm by inhalation or 25 mg/kg-day orally) compared with 
levels associated with the most sensitive noncancer effects or tumorigenic levels, and thus has 
little impact on the risk estimates made in the relevant range. The important contribution of 
pharmacokinetic modeling is to provide a more biologically plausible estimate of the effective 
dose and to compensate for the nonuniform ratio of this biologically effective dose to exposure 
concentration or administered dose across routes and species. Therefore, any estimate of 
administered dose other than that generated in consideration of pharmacokinetics is less 
adequate for performing route-to-route and interspecies extrapolation of risk. 



The major area of scientific uncertainty in this assessment is a quantitative 
characterization of the variability in the human population and the increased sensitivity of 
sensitive populations. This area is compensated for with a default uncertainty factor. As noted 
in Section 5.1.1, the LOAEL used by ATSDR (1995) in its calculation of a chronic oral MRL is 
considerably lower than the NOAEL identified for the RfD (without consideration of 
pharmacokinetics). This discrepancy resulted because ATSDR did not take into consideration 
the preneoplastic nature of its critical effect, the proliferative basophilic foci in the Til et al. 
(1983, 1991) study. As also noted in Section 5.2.1, ATSDR (1995) considered increased relative 
heart and spleen weights (Bi et al., 1985) to be co-critical effects in its calculation of an 
intermediate-duration inhalation MRL. These effects were not considered for the derivation of 
the RfC because of the absence of a concentration- or duration-related response, and because 
they occurred at higher concentrations than liver cell polymorphisms used to derive both the RfC 
and RfD. 



It should be noted, however, that the most significant effect of VC observed in human 
epidemiologic studies is liver cancer. The observation that the cancer effects of VC dominate at 
high human exposure concentrations, coupled with the fact that VC is a genotoxic carcinogen for 
which linear low-dose extrapolation is appropriate, suggests that the noncancer effects of VC are 
not likely to be as important a concern for chronic human exposure. 
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APPENDIX A. COMPARISON OF PBPK MODELS FOR VINYL CHLORIDE 



The calculations performed in this risk assessment used the PBPK model of Clewell et al. 
(1995a). Another model of vinyl chloride (VC) was recently published (Reitz et al., 1996). The 
purpose of this appendix is to provide a comparison of the two models and to demonstrate the 
similarity of risk calculations based on either model. For comparison purposes, tumor 
incidences were based on liver angiosarcoma only, rather than incidence of all liver tumors used 
to develop recommended risk estimates. 



A.1. REVIEW OF REPORTED PBPK MODELS FOR VC 



Five different PBPK models for VC have been described in the literature. The first 
(Chen and Blancato, 1989) was a simple description of parent chemical kinetics and total 
metabolism based on the styrene model of Ramsey and Andersen (1984). Metabolism of VC 
was modeled with a single saturable pathway, and the kinetic constants were estimated from 
measurements of whole-body clearance (e.g., Filser and Bolt, 1989). No attempt was made to 
validate the model against data on blood time-courses or total metabolism. The model was used 
to calculate total metabolism of VC (representing total production of reactive metabolites) as the 
dose metric in a carcinogenic risk assessment for VC. Potency estimates based on the internal 
dose (mg VC metabolized per kg/day) were derived from inhalation bioassays of VC performed 
by Maltoni et al. (1981, 1984), as well as from human epidemiological data. Using the same 
internal dose metric (mg metabolized per kg/day), the inhalation potency estimated from 
epidemiological data of Fox and Collier (1977) of 3.8 × 10-3/ppm (1.4 × 10-6 per :g/m3) was 
essentially identical to the potency estimated from rat inhalation data of 1.7 – 3.7 × 10-3/ppm (0.7 
– 1.4 × 10-6 per :g/m3) using body-weight scaling (that is, without applying a body surface area 
correction for cross-species scaling). Although the extrapolations performed by Chen and 
Blancato were for carcinogenic risk, the PBPK model would be equally effective for noncancer 
endpoints. 



The second model published for VC (Gargas et al., 1990) was a generic model of volatile 
chemical kinetics in a recirculated closed chamber, which was used to identify global metabolic 
parameters in the rat for a number of chemicals, including VC. It differed from the model of 
Chen and Blancato chiefly by the incorporation of a second, linear metabolic pathway (presumed 
to be glutathione conjugation) in parallel with the saturable (oxidative) pathway. Based on gas 
uptake studies, both a saturable and a linear metabolic component were postulated for VC. 



The different descriptions of metabolism in the two models discussed above were 
examined in a more in-depth study of VC pharmacokinetics performed for the U.S. Air Force by 
the K.S. Crump Division of Clement International (Clement, 1990). They refitted the one- and 
two-pathway descriptions to gas uptake data and then compared their predictions with 
measurements of total metabolism by Gehring et al. (1978) and Watanabe et al. (1976). 



Although the two-pathway description provided a significantly better fit to the gas uptake data 
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(adding parameters nearly always improves a fit), the resulting parameters tended to overpredict 
total metabolism at higher concentrations owing to the presence of the first-order component. In 
addition, it was not possible to explain the continued increase in glutathione (GSH) depletion 
measured at the highest exposure levels (where the saturable component was above saturation) 
because only products of the oxidative metabolism of VC have been shown to react with GSH. 
In an attempt to provide a better correspondence to the data on both total metabolism and 
glutathione depletion, two possible refinements to the model were investigated. In the first, 
direct reaction of VC with GSH was postulated, and in the second, the products of both the 
saturable and the linear pathways were assumed to react with GSH. Unfortunately, neither 
description was able to provide a satisfactory correspondence to both total metabolism and GSH 
depletion data. The authors suggested that a different formulation featuring two saturable 
oxidative pathways, both producing reactive metabolites, might provide the required behavior. 
This suggestion formed the basis for the subsequent development of the PBPK model of Clewell 
et al. (1995a). 



More recently, a PBPK model of VC was developed by Reitz et al. (1996) and applied to 
compare cancer potency in mice, rats, and humans. The structure of the model was similar to 
that of Chen and Blancato (1989), providing a description of parent chemical kinetics and total 
metabolism based on the styrene model of Ramsey and Andersen (1984). Metabolism of VC 
was modeled with a single saturable pathway, and the kinetic constants were estimated from 
fitting of closed chamber gas uptake studies with rats. The model was then validated against 
data on total metabolism in the rat (Watanabe et al., 1976), gas uptake data in the mouse, and 
inhalation data in the human (Baretta et al., 1969). The model was used to calculate total 
metabolism of VC as the dose metric in carcinogenic risk assessments for VC. On the basis of 
the rat inhalation bioassay of Maltoni et al. (1981, 1984), and using the linearized multistage 
model, they estimated that lifetime continuous human exposure to 1.75 :g VC is associated with 
an increased lifetime risk of one in a million. This estimate equates to a lifetime risk of 
approximately 0.6 × 10-6/:g/m3, in good agreement with the results of Chen and Blancato (1989). 
The potency estimates from rats were then shown to be consistent with tumor incidence data in 
mice and humans when the pharmacokinetic dose metric was used. 



In a parallel effort, a more elaborate PBPK model of VC was developed for OSHA and 
EPA to support a cancer risk assessment for VC (Clewell et al., 1995a). This model and the 
modeling results are described in more detail in Appendix B. Following the suggestion of 
Clement (1990), the initial metabolism of VC was hypothesized to occur via two saturable 
pathways, one representing low-capacity–high-affinity oxidation by CYP2E1 and the other 
representing higher capacity–lower affinity oxidation by other isozymes of P450, producing in 
both cases chloroethylene oxide (CEO) as an intermediate product. The percentage of CEO 
converted to CO2 via reaction with H2O was determined from published reports of radiolabeled 
VC whole-body metabolism studies. Previous in vitro and in vivo studies support 
chloroacetaldehyde (CAA) as the major metabolite of VC through the breakdown of CEO, and 
this metabolite was modeled as the major substrate in GSH conjugation, with a lesser amount of 
CEO as the glutathione S-epoxide transferase substrate. Depletion of glutathione by reaction 
with CAA was also described. The parameter values for the two metabolic pathways describing 
the initial step in VC metabolism were determined by simulation of gas uptake data from mice, 
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rats, hamsters, monkeys, and controlled human inhalation exposures, as well as from data on 
total metabolism and glutathione depletion in both oral and inhalation exposures of rats. The use 
of a low-affinity pathway in parallel with the high-affinity pathway was able to successfully 
reproduce the continued increases in total metabolism and GSH depletion observed with VC in 
rats. The successful simulation of pharmacokinetic data from a large number of studies over a 
wide range of concentrations, using multiple routes of exposure, served as evidence that the 
PBPK model was valid over the exposure range of interest. 



As with the PBPK model of Chen and Blancato (1989), the use of a pharmacokinetic 
dose metric reflecting lifetime average daily dose to the target tissue resulted in similar potency 
estimates for liver angiosarcoma from VC across different species. The human risk estimates 
based on studies with mice (1.0 × 10-6 to 2.3 × 10-6 per :g/m3) agreed very well with those based 
on inhalation studies with rats (1.6 × 10-6 to 3.7 × 10-6 per :g/m3), demonstrating the ability of 
pharmacokinetics to integrate dose-response information across species.  Lifetime risk of liver 
cancer from VC exposure estimated from three epidemiological studies was 4.7 × 10-7 to 2.8 × 
10-6 per :g/m3, in good agreement with the estimates based on animal inhalation data. The risk 
estimates obtained with this model are also very similar to those obtained with the simpler PBPK 
models of Chen and Blancato (1989) and Reitz et al. (1996), as described above. It should be 
noted, however, that human exposure estimates have a considerable degree of uncertainty, so 
agreement may be at least to some extent due to chance. 



The human inhalation risks were somewhat greater when estimated using data from 
female rats exposed orally to VC in the Feron et al. (1981) study. These estimates ranged from 
2.0 × 10-6 when based on angiosarcomas alone to 2.1 × 10-4 per :g/m3 when based on all liver 
tumors including angiosarcomas, hepatocellular carcinomas, and neoplastic nodules. The 
estimate based on angiosarcomas alone is in general agreement with those derived from female 
rats using the oral bioassays of Maltoni et al. (1981, 1984), 3.0 × 10-5 per :g/m3. Human cancer 
potency estimates based on oral exposure are unavailable, because ingestion is not a common 
route of human exposure. It is quite possible, however, that potency for induction of liver cancer 
is somewhat greater by the oral route of exposure, because essentially all absorbed VC passes 
through the liver before entering the systemic circulation, whereas some of the VC taken up 
through the lungs may be metabolized by other tissues before reaching the liver. 



In summary, the results of pharmacokinetic risk assessments using three different PBPK 
models are in remarkable agreement, with lifetime risk estimates for different species exposed 
via the inhalation route that range over about an order of magnitude, from 0.5 × 10-6 to 5 × 10-6 



per :g/m3. These pharmacokinetic risk estimates for the inhalation route of exposure are lower 
than those currently used in environmental decision making by slightly more than an order of 
magnitude. The currently used oral risk estimates, however, agree quite well with previous ones. 
The simpler PBPK models of Chen and Blancato (1989) or Reitz et al. (1996) would provide an 
acceptable framework for conducting a pharmacokinetically based human risk assessment for 
VC, and would provide a more accurate estimate of human risk than external measures of VC 
exposure. However, the two-saturable-pathway model structure used by Clewell et al. (1995a) is 
better validated because, in addition to the data used to validate the other models, it was 
validated against experimental data on both total metabolism and GSH depletion in rats as well 
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as closed-chamber VC exposure data in humans. 



A.2. COMPARISON OF REITZ AND CLEWELL MODELS 



A more complete comparison was performed between the model used in this risk 
assessment and the recently published model of Reitz et al. (1996). The structures of the two 
models are shown in Figures A-1 and A-2.1  It can be seen that the structure of the parent 
chemical portion of the models is essentially identical. Only the descriptions of metabolism in 
the two models differ substantially. The model of Clewell et al. (1995a) includes a more 
complex description of metabolism, with two saturable oxidative pathways rather than one, and 
with a description of glutathione conjugation of the oxidative metabolites. The purpose of this 
additional complexity was (1) to increase confidence in the ability of the model to correctly 
simulate VC metabolism by improving the ability of the model to reproduce data on the dose 
response for total metabolism and glutathione depletion in rats, and (2) to investigate alternative 
dose metrics representing (a) total oxidative metabolites not detoxified by glutathione and (b) 
total glutathione conjugates. As reported in Clewell et al. (1995a), the alternative dose metrics 
did not provide any improvement over the use of total metabolism and were not used or 
presented in the risk assessment. The model components associated with the formation of 
glutathione conjugates and the depletion of glutathione do not have any effect on the calculation 
of total oxidative metabolism in the model. Therefore, for the calculation of risks based on liver 
metabolism dose metrics, the only structural difference between the two models is the use of one 
versus two saturable pathways to describe metabolism. 



The parameters used in the two models are shown in Tables A-1 and A-2.2  Of the 
physiological parameters, the only significant differences are in the alveolar ventilation for the 
human, the liver volume for the rat, and the body weight and fat volumes for the rat and mouse. 
The Clewell et al. (1995a) model used an alveolar ventilation based on EPA's preferred human 
ventilation rate (20 m3/day), based on continuous heavy work, whereas the ventilation rates in 
the Reitz et al. (1996) model were taken from the International Radiation Consensus Report on 
Reference man and were more typical of humans at rest or engaged in light activity. The rat 
liver volumes used were recommended in the recent ILSI Risk Science Institute physiological 



1For the purpose of this comparison, it was necessary to add oral uptake to the model of Reitz et al. (1996), which 
includes only inhalation exposure. This was accomplished by adding a zero-order input term in the equation for the 
liver, in the same fashion as in the model of Clewell et al. (1996b). 



2The parameter values for the Reitz et al. (1996) model are taken from Table 1 of that publication, with the 
exception of the blood/air partition coefficient in the mouse, which was incorrectly reported as 2.26. The value 
shown in Table A-1 is the value actually used in the risk calculations (R.H. Reitz, personal communication). 
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Figure A-1. The PBPK model for vinyl chloride developed by Clewell et al. (1995a). 



Abbreviations: QP = alveolar ventilation; CI = inhaled concentration; CX = exhaled concentration; QC = 
cardiac output; QF, CVF = blood flow to, and venous concentration leaving, the fat; QR, CVR = blood 
flow to, and venous concentration leaving, the richly perfused tissues (most organs); QS, CVS = blood 
flow to, and venous concentration leaving, the slowly perfused tissues (e.g., muscle); QL, CVL = blood 
flow to, and venous concentration leaving, the liver; VMAX1,KM1 = capacity and affinity for the high-
affinity oxidative pathway enzyme (CYP 2E1); VMAX2,KM2 = capacity and affinity for the lower 
affinity oxidative pathway enzymes (e.g., CYP 2C11/6); KZER = zero-order rate constant for uptake of 
VC from drinking water; KA = first-order rate constant for uptake of VC from corn oil; KCO2 = first-
order rate constant for metabolism of VC to CO2; KGSM = first-order rate constant for reaction of VC 
metabolites with GSH; KFEE = first-order rate constant for reaction of VC metabolites with other cellular 
materials, including DNA; KB = first-order rate constant for normal turnover of GSH; KO = zero-order 
rate constant for maximum production of GSH; KS = parameter controlling rate of recovery of GSH from 
depletion. 
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Figure A-2. Diagram of the PBPK model of Reitz et al. (1996) for VC. Abbreviations are as in 
Figure A-1. 
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Table A-1. Comparison of model parameters 




Mouse Rat Human 



Clewell Reitz Clewell Reitz Clewell Reitz 



BW Body weight (kg) 0.040-
0.044a 



0.0285 0.245-
0.638b 



0.225 70.0 70.0 



Scaling factor 0.75 0.74c 0.75 0.74d 0.75 0.74d 



QPC Alveolar ventilation 
(L/hr) 



30.0 28.0 21.0 18.0 24.0 15.0 



QCC Cardiac output (L/hr) 18.0 28.0 18.0 18.0 16.5 15.0 



Tissue blood flows (fraction of cardiac output): 



QRC Rapidly perfused 
tissues 



0.51 0.52 0.51 0.52 0.5 0.52 



QFC Fat 0.09 0.05 0.09 0.05 0.05 0.05 



QSC Slowly perfused 
tissues 



0.15 0.19 0.15 0.19 0.19 0.19 



QLC Liver 0.25 0.24 0.25 0.24 0.26 0.24 



Tissue volumes (fraction of body weight): 



VSC Slow 0.77 0.7614 0.75 0.7647 0.63 0.6105 



VFC Fat 0.12-0.13b 0.04 0.11-0.20b 0.07 0.19 0.231 



VRC Rapid 0.035 0.05 0.05 0.05 0.064 0.0371 



VLC Liver 0.055 0.0586 0.04 0.0253 0.026 0.0314 



Partition coefficients: 



PB Blood/air 2.26 2.26e 2.4 1.68 1.16 1.16 



PF Fat/blood 10.62 8.85f 10.0 11.9a 20.7 17.2a 



PS Slow/blood 0.42 0.93a 0.4 1.25a 0.83 1.81a 



PR Rapid/blood 0.74 0.71a 0.7 0.95a 1.45 1.38a 



PL Liver/blood 0.74 0.71a 0.7 0.95a 1.45 1.38a 



Metabolic parameters: 



VMAX1C Maximum velocity 
of first saturable 
pathway 
(mg/hr) 



5.0-8.0a 8.13 3.0-4.0b 2.75 4.0 3.97 



KM1 Affinity of first 
saturable pathway 
(mg/L) 



0.1 0.28 0.1 0.04 0.1 0.04 
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Table A-1. Comparison of model parameters (continued)




Mouse Rat Human 



Clewell Reitz Clewell Reitz Clewell Reitz 



VMAX2C Maximum velocity 
of second saturable 
pathway 
(mg/hr) 



0.1-3.0b 0.0 0.1-2.0b 0.0 0.1 0.0 



KM2 Affinity of second 
saturable pathway 
(mg/L) 



10.0 —g 10.0 — 10.0 — 



GSH parameters: 



KCO2C First-order 
breakdown to CO2 



1.6 — 1.6 — 1.6 — 



KGSMC Conjugation rate 
constant 



0.13 — 0.13 — 0.13 — 



KFEEC Rate constant with 
non-GSH 



35.0 — 35.0 — 35.0 — 



GSO Initial GSH 
concentration 



5800.0 — 5800.0 — 5800.0 — 



KBC First-order rate 
constant for GSH 
breakdown 



0.12 — 0.12 — 0.12 — 



KS Resynthesis constant 2000.0 — 2000.0 — 2000.0 — 



KOC Zero-order 
production of GSH 



28.5 — 28.5 — 28.5 — 



Dosing parameters: 



KA Oral uptake rate (/hr) 3.0 — 3.0 — 3.0 — 



aSee Table A-2.

bFor the purpose of this comparison, it was necessary to add oral uptake to the model of Reitz et al. (1996), which includes only

inhalation exposure.  This was accomplished by adding a zero-order input term in the equation for the liver, in the same fashion

as in the model of Clewell et al. (1996b).

cThe scaling factor for maximum velocity of metabolism is 0.70. 

dThe parameter values for the Reitz et al. (1996) model are taken from Table 1 of that publication with the exception of the

blood/air partition coefficient in the mouse, which was incorrectly reported as 2.26. The value shown in Table A-1 is the value

actually used in the risk calculations (R.H. Reitz, personal communication). 

eDifferent from reported value of 2.41 (Reitz et al., 1996), but used in risk calculations (D. Reitz, personal communication).

fThe parameters listed here are the tissue/blood partition coefficients. They were derived from the tissue/air partition coefficients

in Table 1 of Reitz et al. (1996) by dividing by the blood/air partition coefficient.

gNot used in model.
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Table A-2. Species/sex/study-dependent parameter values in Clewell model 



BW VFC VMAX1C VMAX2C 



Swiss albino mice Male 0.044 0.13 8.0 0.1a 



(inhalation study) Female 0.040 0.12 5.0 3.0 



Sprague-Dawley rats Male - low dose 0.638 0.19 4.0 2.0 



(inhalation study) Male - high dose 0.433 0.13 4.0 2.0 



Female - low dose 0.485 0.20 3.0 0.1b 



Female - high dose 0.321 0.14 3.0 0.1b 



Sprague-Dawley rats Male - low dose 0.632 0.19 4.0 2.0 



(gavage study) Male - high dose 0.405 0.12 4.0 2.0 



Female - low dose 0.445 0.18 3.0 0.1b 



Female - high dose 0.301 0.13 3.0 0.1b 



Wistar rats Male 0.436 0.14 4.0 2.0 



(drinking water study) Female 0.245 0.11 3.0 0.1b 



aZero was used as the variance for this value of VMAX2C in the PBPK-Sim runs.

bFor the purpose of this comparison, it was necessary to add oral uptake to the model of Reitz et al. (1996), which

includes only inhalation exposure. This was accomplished by adding a zero-order input term in the equation for the

liver, in the same fashion as in the model of Clewell et al. (1996b). 




parameter document (ILSI, 1994), whereas the Reitz et al. (1996) model used actual necropsy 
results. The Clewell et al. model also used the actual animal body weights reported by the 
authors of the bioassays, and calculated the fat volume from the observed relationship between 
body weight and fat volume in the rodent (ILSI, 1994). The blood/air and tissue/blood partition 
coefficients in the two models are for the most part similar, but the slowly perfused tissue/blood 
partition coefficients in the Reitz et al. model are as much as threefold higher than those in the 
Clewell et al. model. Metabolic parameters also differ somewhat between the two models, 
reflecting the different data sets used to estimate metabolism in different species, strains, and 
sexes. 



The impact of differences in the model parameters can better be evaluated in light of the 
results of the parameter sensitivity analysis conducted on the Clewell et al. (1995a) model. Of 
the parameters discussed above for which the two models differ, only the body weight, liver 
volume, and metabolism parameters have significant impact on dose metric calculations. 
Alveolar ventilation and the blood/air partition coefficient have only a minor impact, whereas the 
fat volume and tissue/blood partition coefficients have essentially no impact at all. With respect 
to the more important differences between the two models in the body weights, liver volumes, 
and metabolism parameters, the Clewell et al. model used the actual reported body weights, 



A-9












adopted the most recently recommended liver volumes (ILSI, 1994), and employed a much larger 
number of studies to estimate and validate the metabolic parameters. 



The best way to compare the impact of model selection on risk estimates is simply to 
employ the two models in estimating risks from the same studies. The results of this exercise are 
shown in Tables A-3 through A-5. Table A-3 shows the dose metrics calculated with the two 
models.3  The dose metrics in every case are very similar. The greatest difference, of about 50% 
for the Feron et al. (1981) dietary study, is due to the different values used in the models for the 
volume of the liver in the rat. As mentioned above, the liver volume used in the Clewell et al. 
(1995a) model is the value recommended by ILSI (1994). Table A-4 compares the cancer ED10s 
for angiosarcoma calculated with the dose metric from the two models, and Table A-5 provides 
the same comparison for noncancer BMD10s for liver necrosis. It should be noted that although 
the NOAEL for liver necrosis is tenfold higher than for liver cell polymorphism, the endpoint 
used for development of the RfC and RfD in the present assessment, the model comparison is 
still valid. The high level of agreement between the ED10s and BMD10s based on the two different 
models demonstrates the reliability of PBPK models that have been properly designed and 
validated against experimental data. 



3The dose metrics for the Reitz et al. (1996) model were obtained with an ACSL version of the model 
(VCDOSE2.CSL) kindly provided by Dr. Reitz. The only modification of the model for use in this study was to add 
a zero-order oral input term. The model was run with the parameter values shown in Table A-1 and the dose metric 
calculations were compared with Tables 4 and 5 in Reitz et al. (1996). The ACSL model reproduced the reported 
mouse dose metrics within 2% and reproduced the human dose metrics exactly. The minor differences in the mouse 
dose metrics are probably due to rounding off of the parameter values as reported in Table 1 of Reitz et al. (1996) 
from those originally used to obtain Tables 4 and 5 of that paper (R.H. Reitz, personal communication). 
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Table A-3. Comparison of values for lifetime average delivered dose (mg/L liver) 
LADD (mg/L liver) 



Reference Route Species Duration Dose 
Angiosarcomas Clewell et al., 1995 Reitz et al., 



1996Male Female Male Female 



Occupational 
exposure 



Inhalation Human Continuous 1 ppm 1.75 (3.03)a 2.05 
Drinking water 0.028 mg/kg/day 0.58 (1.01)a 0.86 



Maltoni et al. 
(1981, 1984) 
(BT4)b 



Inhalation Swiss 
albino mice 



4 hr/d, 5 d/wk for 
30 of 104 wks 



0 ppm 0/80 0/70 
50 ppm 1/30 0/30 33.36 32.33 38.91 
250 ppm 9/30 9/30 159.81 138.67 175.36 
500 ppm 6/30 8/30 256.57 182.81 269.50 
2,500 ppm 6/29 10/30 295.63 246.77 337.01 
6,000 ppm 2/30 11/30 304.79 276.34 348.82 
10,000 ppm 1/26 9/30 310.22 289.56 354.47 



Maltoni et al. 
(1981, 1984) 
(BT1, BT2, 
and BT15)c 



Inhalation Sprague-
Dawley rats 



4 hr/d, 5 d/wk for 
52 of 147 wks 
(BT15) 



0 ppm 0/108 0/141 
1 ppm 0/48 0/55 0.61 0.59 0.74 
5 ppm 0/43 0/47 3.03 2.96 3.69 
10 ppm 0/42 1/46 6.05 5.90 7.36 
25 ppm 1/41 4/40 15.05 14.61 18.37 



52 of 135 wks 50 ppm 0/26 1/29 32.46 31.27 39.76 
52 of 143 wks 
(BT2) 



100 ppm 0/37 1/43 59.70 55.95 73.81 
150 ppm 1/36 5/46 85.90 76.67 107.36 
200 ppm 7/42 5/44 107.39 90.00 135.09 



52 of 135 wks 
(BT1) 



250 ppm 1/28 2/26 130.25 103.45 162.58 
500 ppm 0/22 6/28 163.41 116.94 188.89 
2,500 ppm 6/26 7/24 220.99 134.37 222.82 
6,000 ppm 3/17 10/25 250.71 143.72 245.18 



Feron et al. 
(1981) 



Food Wistar rats 135 weeks 
(males) 
144 weeks 
(females) 



0 mg/kg/day 0/55 0/57 
1.7 mg/kg/day 0/58 0/58 39.54 38.61 63.67 
5.0 mg/kg/day 6/56 2/59 116.10 113.24 187.03 
14.1 mg/kg/day 27/59 9/57 325.85 316.63 525.26 
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aBased on km value of 0.1 as recommended by the expert review panel.

bThe denominator for the incidence data is the total number of mice, as used by Chen and Blancato (1989).

cThe denominator is the number of rats alive when the first angiosarcoma was observed, as used by Chen and Blancato (1989). However, the male and female

incidence data shown here differ from that reported by Chen and Blancato (1989), after verification with the original study (Maltoni et al., 1984). 












Table A-4. Comparison of ED10s in animals based on angiosarcoma incidence 



Study Sex 



Clewell et al. (1995a) Reitz et al. (1996) 



ED10 
(mg metabolite/kg/day) 



ED10 
(mg metabolite/kg/day) 



95% lower bound MLE 95% lower bound MLE 



Rats, inhalation 
Maltoni et al. (1981, 
1984) (BT1, BT2, and 
BT15) 



M 112.24 157.14 133.53 180.05 



F 53.19 74.35 76.35 105.97 



Mice, inhalation 
Maltoni et al. (1981, 
1984) (BT4) 



M 112.07 153.16 125.59 171.62 



F 51.94 65.52 67.88 85.63 



Average inhalation 82.36 112.54 100.84 135.82 



Rats, dietary 
Feron et al. (1981)a 



M 94.93 132.32 152.89 213.28 



F 182.02 241.33 307.14 400.11 



Average oral 138.48 186.82 227.01 306.69 



aAll risks from the Feron study shown here were calculated using a quantal model, multistage option.  The risks 
presented in Appendix B were calculated using a time-to-tumor model, to account for increased deaths in the mid-
and high-dose groups. 



Table A-5. Comparison of BMD10 values for rats (in units of dose metric)
based on liver necrosis 



Study Sex 



Clewell et al. (1995a) Reitz et al. (1996) 



BMD10 
a MLEb BMD10 MLEc 



Feron et al. (1981) M 70.04 139.25 112.90 224.48 



F 40.41 54.75 66.93 90.68 



Average 55.22 97.00 89.92 157.58 



aBMD10 is the benchmark dose at 10% extra risk based on dichotomous data.

bMLE=maximum likelihood estimate.

cThe parameter values for the Reitz et al. (1996) model are taken from Table 1 of that publication with the exception

of the blood/air partition coefficient in the mouse, which was incorrectly reported as 2.26. The value shown in

Table A-1 is the value actually used in the risk calculations (R.H. Reitz, personal communication). 
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APPENDIX B. THE DEVELOPMENT AND VALIDATION OF A PBPK MODEL

FOR VINYL CHLORIDE (VC) AND ITS APPLICATION




IN A CARCINOGENIC RISK ASSESSMENT




This appendix documents the development and documentation of the model used to 
estimate VC cancer risk, as well as the results of the modeling. The risk estimates presented in 
this appendix were calculated using the one-stage version of the LMS model, so the specific risk 
estimates are slightly different from those calculated using the LMS or ED10/linear models. 
Currently recommended risk values using the LMS and ED10/linear models are presented in the 
main document. Other PBPK models developed for VC, and a comparison between the Clewell 
model and another recent model (Reitz et al., 1996), are discussed in Appendix A. 



The liver tumor data utilized for model development and presented in this section include 
only angiosarcomas, in order to better compare results with other assessments using 
angiosarcoma data both for rodents and across species.  Cancer risk estimates were subsequently 
revised to include all liver tumors. These revised estimates are the ones listed in the 
Toxicological Review and the cancer summary. Table B-1 summarizes the incidence of 
angiosarcomas (in some cases only total angiosarcomas) reported in those chronic animal 
bioassays in which a statistically significant increase was observed. For completeness, however, 
two other tumor types observed at low concentrations in the rodent were also analyzed: 
nephroblastoma and mammary gland adenocarcinoma. Table B-2 summarizes the incidence of 
these tumors reported in chronic animal bioassays. 



B.1. MECHANISM OF CARCINOGENICITY OF VC 



As discussed in the main document, experimental evidence indicates that VC 
carcinogenicity is due to a reactive metabolite, probably CEO. The reactive metabolite forms 
DNA adducts, and a persistent DNA adduct is believed to lead to tumorigenesis. 



The majority of the DNA adduct studies conducted with VC have been conducted on or 
related to the parenchymal hepatocyte. However, although VC is primarily metabolized in the 
hepatocyte (Ottenwalder and Bolt, 1980), the primary target cell for liver carcinogenicity is the 
sinusoidal cell, as indicated by the incidence of liver angiosarcoma in both animals and humans. 
Sinusoidal cells show a relatively low activity for transforming VC into reactive, alkylating 
metabolites, roughly 12% of the activity of hepatocytes (Ottenwalder and Bolt, 1980). Therefore, 
it has been suggested that the carcinogenic metabolites of VC may have to migrate from the 
hepatocytes to produce tumors in the sinusoidal cells (Laib and Bolt, 1980). This possibility was 
suggested by Laib and Bolt (1980) following their observation that alkylating metabolites of VC 
were capable of diffusing through an artificial semipermeable membrane in a model in vitro 
system. In studies conducted in vitro with rat hepatocytes by Guengerich et al. (1981), more than 
90% of the hexane-insoluble metabolites were found to migrate out of the cell, with more than 
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Table B-1.  Summary of the angiosarcoma incidence data from vinyl chloride chronic animal bioassays 
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Reference Route Strain/species Concentration/ 
dose Incidence Exposure duration 



Lee et al., 1977, 1978 Inhalation Albino CD-1 mice (M,F) 0, 50, 250, 1,000 ppm Males - 0/26, 3/29, 7/29* , 13/33* 



Females - 0/36, 0/34, 16/34* , 
18/36* 



6 hours/day, 5 days/week, 12 
months 



CD rats (M,F) 0, 250, 1,000 ppm Males - 0/35, 0/36, 2/36, 6/34* 



Females - 0/35, 0/36, 10/34* , 
15/36* 



6 hours/day, 5 days/week, 12 
months 



Feron et al., 1979a,b, Feron 
and Kroes, 1979 



Inhalation Wistar rats (M,F) 0, 5,000 ppm Males - 0/62, 6/62* 



Females - 0/62, 16/62* 
7 hours/day, 5 days/week, 12 
months 



Hong et al., 1981 Inhalation Albino CD-1 mice (M,F) 0, 50, 250, 1,000 ppm Males - 0/60, 1/40, 8/44* , 6/38* 



Females - 1/60, 1/40, 5/40* , 
12/38* 



6 hours/day, 5 days/week, and 
sacrificed at 1, 3, or 6 months 



CD rats (M,F) 0, 50, 250, 1,000 ppm Males - 0/36, 0/30, 1/36, 5/36* 



Females - 0/36, 0/36, 4/32* , 
9/36*, a 



6 hours/day, 5 days/week, and 
sacrificed at 1, 3, 6 or 10 
months 



Drew et al., 1983 Inhalation Fischer 344 rats (F) 0, 100 ppm 1/112 (control), 4/76 (0-6)* , 
11/55 (0-12)* , 13/55 (0-18)* , 
19/55 (0-24), 2/52 (6-12), 0/51 
(12-18), 0/53 (18-24), 5/54 (6-
18)* , 2/49 (12-24) 



6 hours/day, 5 days/week, 6, 
12, 18, or 24 months, or held 
for 6 or 12 months and then 
exposed for 6 or 12 months 



Golden Syrian hamsters 
(F) 



0, 200 ppm 0/143 (control), 13/88 (0-6)* , 
4/52 (0-12)* , 2/103 (0-18), 3/53 
(6-12), 0/50 (12-18), 0/52 (18-
24), 1/44 (6-18), 0/43 (12-24)b 



6 hours/day, 5 days/week, 6, 
12, 18, or 24 months, or held 
for 6 or 12 months and then 
exposed for 6 or 12 months 



B6C3F1 mice (F) 50 ppm 4/69 (control), 46/67 (0-6)* , 
69/90 (0-12)* , 27/42 (6-12)* , 
30/51 (12-18)* , 30/48 (6-18)* , 
29/48 (12-24)*c 



6 hours/day, 5 days/week, 6, 
12, 18, or 24 months, or held 
for 6 or 12 months and then 
exposed for 6 or 12 months 



CD-1 mice (F) 0, 50 ppm 1/71 (control), 29/67 (0-6)* , 
30/47 (0-12)* , 20/45 (0-18)* , 
11/49 (6-12)* , 5/53 (12-18), 
17/46 (6-18)* , 3/50 (12-24)c 



6 hours/day, 5 days/week, 6, 
12, 18, or 24 months, or held 
for 6 or 12 months and then 
exposed for 6 or 12 months 











Table B-1. Summary of the angiosarcoma incidence data from vinyl chloride chronic animal bioassays (continued) 



Keplinger et al., 1975 (8 
month interim) MCA, 1980 
(in U.S. EPA, 1985) 



Inhalation COBS Charles River rats 
(M,F) 



0, 50, 200, 2,500 ppm 0/143, 28/139*, 82/141* , 
114/147* 



7 hours/day, 5 days/week for 
12 months 



CDI Swiss Charles River 
mice (M,F) 



0, 50, 200, 2,500 ppm 0/97, 46/121*, 130/134* , 
101/101* 



7 hours/day, 5 days/week for 
9 months 



Syrian Golden hamsters 
(M,F) 



0, 50, 200, 2,500 ppm 0/83, 7/74*, 12/88*, 56/66* 7 hours/day, 5 days/week for 
12 months 



Bi et al., 1985 Inhalation Wistar rats (M) 0, 10, 100, 3,000 ppm 0/19, 0/20, 7/19*, 17/20* 6 hours/day, 6 days/week for 
18 months 



Maltoni et al., 1981, 1984 
(BT1) 



Inhalation Sprague-Dawley rats 
(M,F) 



0, 50, 250, 500, 2,500, 
6,000, 10,000 ppm 



0/58, 1/60, 3/59, 6/60, 13/60, 
13/59*, 7/60d 



4 hours/day, 5 days/week for 
52 weeks (135 weeks) 



Maltoni et al., 1981, 1984 
(BT2) 



Inhalation Sprague-Dawley rats 
(M,F) 



0, 100, 150, 200 ppm 0/185, 1/120, 6/119, 12/120*d 4 hours/day, 5 days/week for 
52 weeks (143 weeks) 



Maltoni et al., 1981, 1984 
(BT9) 



Inhalation Sprague-Dawley rats 
(M,F) 



0, 50 ppm 0/98, 14/294* 4 hours/day, 5 days/week for 
52 weeks (142 weeks) 



Maltoni et al., 1981, 1984 
(BT15) 



Inhalation Sprague-Dawley rats 
(M,F) 



0, 1, 5, 10, 25 ppm 0/120, 0/118, 0/119, 1/119, 
5/120*d 



4 hours/day, 5 days/week for 
52 weeks (147 weeks) 



Maltoni et al., 1981, 1984 
(BT10) 



Inhalation Sprague-Dawley rats 
(M,F) 



0 (Group VII), 6,000 
(Groups II, IV, VI), 
10,000 (Groups I, III, V) 
ppm 



1/118 (Group I), 0/120 (Group 
II), 1/119 (Group III), 3/118* 



(Group IV), 1/119 (Group V), 
1/120 (Group VI), 0/227 (Group 
VII) 



Groups I and II - 4 hours/day, 
5 days/week, 5 weeks 
Groups III and IV - 1 
hour/day, 4 days/week for 25 
weeks 
Groups V and VI - 4 
hours/day, 1 day/week for 25 
weeks (154 weeks) 



Maltoni et al., 1981, 1984 
(BT7) 



Inhalation Wistar rats (M) 0, 50, 250, 500, 2,500, 
6,000, 10,000 ppm 



0/38, 0/28, 1/27, 3/28, 3/25, 
3/26, 8/27* 



4 hours/day, 5 days/week, for 
52 weeks (165 weeks) 



Maltoni et al., 1981, 1984 
(BT4) 



Inhalation Swiss mice (M,F) 0, 50, 250, 500, 2,500, 
6,000, 10,000 ppm 



0/150, 1/60, 18/60*, 14/60* , 
16/59*, 13/60*, 10/56* 



4 hours/day, 5 days/week for 
30 weeks (81 weeks) 
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Table B-1. Summary of the angiosarcoma incidence data from vinyl chloride chronic animal bioassays (continued) 



Reference Route Strain/species 
Concentration/ 



dose 
Incidence Exposure duration 



Maltoni et al., 1988 
(BT4001, 4006) 



Inhalation Sprague-Dawley rats 
(Breeders - F; Embryos -
M,F) 



0, 2,500 ppm Breeders - 0/60, 27/54 
Embryos (M) - 0/158 (control), 
24/60* (Group I), 36/64* (Group 
II) 
Embryos (F) - 0/149 (control), 
28/60* (Group I), 46/63* (Group 
II) 



Breeders - 4 hours/day, 5 
days/week for 7 weeks and 
then 7 hours/day, 5 days/week 
for 69 weeks 
Embryos - 4 hours/day, 5 
days/week for 7 weeks and 
then 7 hours/day 5 days/week 
for 8 (Group I) or 69 weeks 
(Group II) 



Groth et al., 1981 Inhalation Sprague-Dawley rats 
(M,F) (ages 6, 18, 32, and 
52 weeks) 



0, 940 ppm e6 weeks - males - 0/110, 1/83, 
females - 0/110, 2/88 
18 weeks - males - 0/119, 2/91, 
females - 0/120, 7/97* 



32 weeks - males - 1/115, 7/94* , 
females - 0/120, 27/98* 



52 weeks - males - 0/128, 
18/102*,females -0/127, 14/104* 



7 hours/day, 5 days/week for 
24 weeks 



Radike et al., 1981 Inhalation Sprague-Dawley rats (M) 0, 600 ppm 0/80, 18/80* 4 hours/day, 5 days/week for 
52 weeks 



Feron et al., 1981 Oral - diet Wistar rats (M,F) 0, 1.7, 5.0, 14.1 
mg/kg/day 



Males - 0/55, 0/58, 6/56* , 
27/59* 



Females- 0/57, 0/58, 2/59, 9/57* 



4 hours/day for 135 or 144 
weeks 



Maltoni et al., 1981, 1984 
(BT11) 



Gavage Sprague-Dawley rats 
(M,F) 



0, 2.38, 11.9, 35.7 
mg/kg/day 



0/80, 0/80, 10/80*, 17/80* 4 to 5 days/week for 52 weeks 
(136 weeks) 
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*Significantly different from control at p=0.05.

aIncidence for both males and females includes only those animals sacrificed at 6 and 10 months. The incidence data for those animals sacrificed at 1 and 3 months

was not reported.

bIncidence reported for hemangiosarcomas at all sites only. The authors reported that these tumors occurred primarily in the skin, spleen, and liver.

cHemangiosarcomas for all sites reported.

dThe denominator shown is the total number of animals examined. However, the denominator used for risk calculations was the number alive when the first

angiosarcoma was observed, as shown in Table C-5.

eReported total angiosarcomas.
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Table B-2.  Summary of incidence data on other low-dose tumors from vinyl chloride chronic animal bioassays 
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Reference Route Species Endpoint Dose Incidencea Exposure duration 



Lee et al., 
1977, 1978 



Inhalation Albino CD-1 
mice (F) 



Mammary gland tumors 0, 50, 250, 1,000 
ppm 



0/36, 9/34, 3/34, 13/36 6 hr/d, 5 d/wk, 12 mo 



Drew et al., 
1983 



Inhalation Fischer-344 
rats (F) 



Mammary gland: 
fibroadenoma and 
adenocarcinoma 



0, 100 ppm Fibroadenoma: 
24/112, 26/55 (0-24) 
Adenocarcinoma: 
5/112, 5/55 (0-24) 



6 hr/d, 5 d/wk, 6, 12, 
18 or 24 mo, or held 
for 6 or 12 mo and 
then exposed for 6 or 
12 mo 



Fischer-344 
rats (F) 



Hepatocellular carcinoma 0, 100 ppm Females: 1/112, 9/55 (0-24) 



Golden 
Syrian 
hamsters (F) 



Mammary gland 
carcinoma 



0, 200 ppm Females: 0/143, 47/102 (0-18) 



B6C3F1 mice 
(F) 



Mammary gland 
carcinoma 



0, 50 ppm Females:  3/69, 37/90 (0-12) 



CD-1 Swiss 
mice (F) 



Mammary gland 
carcinoma 



0, 50 ppm Females: 2/71, 22/45 (0-18) 



Radike et al., 
1981 



Inhalation Sprague-
Dawley rats 
(M) 



Hepatocellular carcinoma 0, 600 ppm Males: 1/80, 35/80 
(0-11.5) 



4 hr/d, 5 d/wk, 52 
wks 



Maltoni et al., 
1981, 1984 
(BT1) 



Inhalation Sprague-
Dawley rats 
(M,F) 



Nephroblastoma 0, 50, 250, 500, 
2,500, 6,000, 
10,000 ppm 



M & F: 0/58, 1/60, 5/59, 6/60, 
6/60, 5/59, 5/60 



4 hr/d, 5 d/wk for 52 
wk (held 135 wk) 



Mammary malignant 
tumor 



0, 50, 250, 500, 
2,500, 6,000, 
10,000 ppm 



M & F: 0/58, 2/60, 2/59, 1/60, 
2/60, 0/59, 3/60 



Maltoni et al., 
1981, 1984 
(BT2) 



Inhalation Sprague-
Dawley rats 
(M,F) 



Nephroblastoma 0, 100, 150, 200 
ppm 



M & F: 0/185, 10/120, 11/119, 
7/120 



4 hr/d, 5 d/wk for 52 
wk (held 143 wk) 



Mammary malignant 
tumor 



0, 100, 150, 200 
ppm 



M & F: 2/128, 4/120, 6/119, 
6/120 











Table B-2. Summary of incidence data on other low-dose tumors from vinyl chloride chronic animal bioassays 
(continued) 



Reference Route Species Endpoint Dose Incidencea Exposure duration 



Maltoni et al., 
1981, 1984 
(BT4) 



Inhalation Swiss mice 
(M,F) 



Mammary carcinoma 0, 50, 250, 500, 
2,500, 6,000, 
10,000 ppm 



1/150, 12/60, 12/60, 8/60, 
8/59, 8/60, 13/56 



4 hr/d, 5 d/wk for 30 
wk (held 81 wk) 



Maltoni et al., 
1981, 1984 
(BT3) 



Inhalation Sprague-
Dawley rats 
(M,F) 



Nephroblastoma 0, 50, 250, 500, 
2,500, 6,000, 
10,000 ppm 



M&F: 0/190, 3/58, 6/59, 0/60, 
2/60, 1/60, 1/58 



4 hr/d, 5 d/wk, 17 wk 



Mammary malignant 
tumor 



0, 50, 250, 500, 
2,500, 6,000, 
10,000 ppm 



M&F: 5/190, 1/58, 1/59, 3/60, 
4/60, 1/60, 1/58 



Maltoni et al., 
1981, 1984 
(BT9) 



Inhalation Sprague-
Dawley rats 
(M,F) 



Nephroblastoma 0, 50 ppm M&F: 0/98, 1/294 4 hr/d, 5 d/wk for 52 
wk (held 142 wk) 



Mammary malignant 
tumor 



0, 50 ppm M&F: 10/98, 62/294 



Maltoni et al., 
1981, 1984 
(BT15) 



Inhalation Sprague-
Dawley rats 
(M,F) 



Nephroblastoma 0, 1, 5, 10, 25 
ppm 



M&F: 0/120, 0/118, 0/119, 
0/119, 1/120 



4 hr/d, 5 d/wk for 52 
wk (held 147 wk) 



Gps I & II: 4 hr/d, 5 
d/wk, 5 wks; Gps III 
& IV: 1 hr/d, 4 d/wk, 
25 wks; Gps V & VI: 
4 hr/d, 1 d/wk, 25 
wks (held 154 wks) 



Mammary malignant 
tumor 



0, 1, 5, 10, 25 
ppm 



M&F: 7/120, 15/118, 22/119, 
21/119, 17/120 



Maltoni et al., 
1981, 1984 
(BT10) 



Inhalation Sprague-
Dawley rats 
(M,F) 



Nephroblastoma Gp VII: control; 
Gps I, III, V: 
10,000 ppm; 
Gps II, IV, VI: 
6,000 ppm 



Gp VII: 0/227; Gps I, III, V: 
0/118, 0/119, 0/119; Gps II, 
IV, VI: 1/120, 0/118, 1/120 



Mammary malignant 
tumor 



Gp VII: control; 
Gps I, III, V: 
10,000 ppm; 
Gps II, IV, VI: 
6,000 ppm 



Gp VII: 17/227; Gps I, III, V: 
13/118, 16/119, 20/119; Gps 
II, IV, VI: 13/120, 11/118, 
12/120 
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Table B-2. Summary of incidence data on other low-dose tumors from vinyl chloride chronic animal bioassays 
(continued) 



Reference Route Species Endpoint Dose Incidencea Exposure duration 



Feron et al., 
1981 



Oral – diet Wistar rats 
(M,F) 



Hepatocellular carcinoma 0, 1.7, 5.0, 14.1 
mg/kg body 
weight/day 



Males: 0/55, 1/58, 2/56, 8/59 
Females: 0/57, 4/58, 19/59, 
29/57 



135 or 144 wks 



Neoplastic nodules 0, 1.7, 5.0, 14.1 
mg/kg body 
weight/day 



Males:  0/55, 1/58, 7/56, 23/59 
Females: 2/57, 26/58, 39/59, 
44/57 



Combined incidence of 
angiosarcomas, 
hepatocellular carcinoma, 
and neoplastic nodules 



0, 1.7, 5.0, 14.1 
mg/kg body 
weight/day 



Males:  0/55, 2/58, 11/56, 
41/59 
Females: 2/57, 28/58, 49/59, 
56/57 



Til et al., 1983 Oral – diet Wistar rats 
(M,F) 



Hepatocellular carcinoma 0, 0.017, 0.17, 
1.7 mg/kg body 
weight/day 



Males: 0/99, 0/99, 0/99, 3/49 
Females: 1/98, 0/100, 1/96, 
3/49 



149 wks 



Neoplastic nodules 0, 0.017, 0.17, 
1.7 mg/kg body 
weight/day 



Males: 0/99, 0/99, 0/99, 3/49 
Females: 0/98, 1/100, 1/96, 
10/49 



Combined incidence of 
angiosarcomas, 
hepatocellular carcinoma, 
and neoplastic nodules 



0, 0.017, 0.17, 
1.7 mg/kg body 
weight/day 



Males: 0/99, 0/99, 0/99, 5/49 
Females: 1/98, 1/100, 1/96, 
11/49 



Mammary gland tumors 0, 0.017, 0.17, 
1.7 mg/kg body 
weight/day 



Males: 5/99, 8/99, 3/99, 0/49 
Females: 41/98, 21/100, 28/96, 
21/48 
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aTumor incidence provided for longest duration of exposure only. 











70% of the total irreversibly bound species found outside the cell.  These results were interpreted 
to indicate that the majority of the reactive metabolites can leave the intact hepatocyte.  On the 
other hand, sinusoidal cells do possess the ability to produce reactive metabolites from VC, 
albeit at a slower rate than the hepatocyte (Ottenwalder and Bolt, 1980).  In either case, the 
greater susceptibility of the sinusoidal cells to the carcinogenic effects of VC may result from an 
inability of the sinusoidal cells to repair one or more of the DNA adducts produced by VC as 
efficiently as the hepatocytes.  Furthermore, the same dose metric (e.g., total amount of VC 
metabolism divided by the volume of the liver) is applicable whether the carcinogenic 
metabolites are produced in the hepatocyte or the sinusoidal cell. 



B.2.  SELECTION OF RISK ASSESSMENT APPROACH 



Based on the information above on the pharmacokinetics, metabolism, and mechanism of 
carcinogenicity of VC, it is necessary to determine the appropriate approach for conducting a 
human risk assessment.  Clearly, the evidence is strong that the carcinogenicity of VC is related 
to the production of reactive metabolic intermediates.  The most appropriate pharmacokinetic 
dose metric for a reactive metabolite is the total amount of the metabolite generated divided by 
the volume of the tissue into which it is produced (Andersen et al., 1987a).  In the case of VC, 
reasonable dose metrics for angiosarcoma would include the total amount of metabolism divided 
by the volume of the liver (RISK), or the total amount of metabolism not detoxified by reaction 
with glutathione, again divided by the volume of the liver (RISKM).  A third, less likely 
possibility, that the GSH conjugate of VC is subsequently metabolized to a reactive species that 
is responsible for the carcinogenicity, can also be considered by using a dose metric based on the 
total amount of reaction with GSH divided by the volume of the liver (RISKG).  The assumption 
underlying the use of these dose metrics is that the concentration of the actual carcinogenic 
moiety, or the extent of the crucial event associated with the cellular transformation, is linearly 
related to this pseudoconcentration of reactive intermediates, and that the relationship of the 
actual carcinogenic moiety or crucial event to the dose metric is constant across concentration 
and species.  Specifically, the average amount generated in a single day is used, averaged over 
the lifetime (i.e., the lifetime average daily dose, or LADD).  The use of a dose rate, such as the 
LADD, rather than total lifetime dose, has been found empirically to provide a better cross-
species extrapolation of chemical carcinogenic potency (U.S. EPA, 1992). 



Subsequent steps in the carcinogenic mechanism related to specific adduct formation, 
detection, and repair, as well as to the consequences of DNA mistranscription/misreplication and 
the potential impact of increased cell proliferation, have been only sketchily outlined and have 
not yet reached the point where they could be incorporated into a risk assessment or model in 
any quantitative form.  However, there appears to be sufficient evidence to justify the 
assumption that VC acts as a classic initiator, producing genetic transformations through direct 
reaction of its metabolites with DNA.  Therefore, the traditional assumption of low-dose 
linearity of risk appears to be warranted, and the linearized multistage (LMS) model would seem 
to be the most appropriate for low-dose extrapolation. 
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B.3.  DESCRIPTION OF PBPK MODEL FOR VC 



B.3.1.  General - Model Outputs (Dose Metrics) and Conversion to Human Values 



The PBPK model for VC developed in this study was shown in Figure A-1.  As 
mentioned earlier, the model is basically an adaptation of a previously developed PBPK model 
for vinylidene chloride (D'Souza and Andersen, 1988).  For a poorly soluble, volatile chemical 
like VC, only four tissue compartments are required: a richly perfused tissue compartment that 
includes all of the organs except the liver, a slowly perfused tissue compartment that includes all 
of the muscle and skin tissue, a fat compartment that includes all of the fatty tissues, and a liver 
compartment.  All metabolism is assumed to occur in the liver, which is a good assumption in 
terms of the overall kinetics of VC, but the assumption would have to be revised to include 
target-tissue-specific metabolism if a serious attempt were to be made to perform a VC risk 
assessment for a tissue other than the liver (Andersen et al., 1987a).  The model also assumes 
flow-limited kinetics, or venous equilibration; that is, that the transport of VC between blood and 
tissues is fast enough for steady state to be reached within the time it is transported through the 
tissues in the blood. 



Metabolism of VC is modeled by two saturable pathways, one high affinity, low capacity 
(with parameters VMAX1C and KM1) and one low affinity, high capacity (with parameters 
VMAX2C and KM2).  Subsequent metabolism is based on the metabolic scheme shown in 
Figure 1 of the main text of the Toxicological Review. The reactive metabolites (whether CEO, 
CAA, or other intermediates) may then either be metabolized further, leading to CO2; react with 
GSH; or react with other cellular materials, including DNA.  Because exposure to VC has been 
shown to deplete circulating levels of GSH, a simple description of GSH kinetics was also 
included in the model. 



The model is designed for input from inhalation (using inhaled concentration), gavage 
(using a first-order rate constant for uptake from corn oil), and drinking water/diet (using a zero-
order rate constant for uptake), although the data available to support these routes (shown below) 
vary considerably.  Various dose rate scenarios can be accommodated for inhalation (e.g., 
number of hours exposed/day and number of days/week) and for water/diet (e.g., mg/kg 
absorbed over a set number of hours).  Continuous exposure scenarios can also be simulated.  As 
discussed above, the most logical output from the model upon which to base this assessment is 
the total amount of VC metabolized in the liver divided by the volume of the liver, designated as 
“RISK” in the model.  The other dose metrics mentioned above, RISKM and RISKG, were 
considered but were not used in this assessment.  The direct output from the model is the daily 
average dose for either the RISK dose metric or for the total amount of VC metabolized/body 
weight (designated “AMET”).  Lifetime average delivered doses (LADDs) were calculated by 
factoring the daily average dose (the actual model output) both by the fraction of the week 
exposed (e.g., 5/7 days) and by the fraction of the lifespan the exposure period spanned (e.g., 
52/147 weeks). 
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As discussed in the main document, the risk modeling was conducted using the animal 
target tissue dose, i.e., the dose metric RISK. The calculated risk values based on the animal 
dose metric were assumed to correspond to those from the same human dose metric. The human 
dose metric was then converted to a human dose as described in the main document. The 
following equations were then used to calculate the risk in the units of mg vinyl chloride 
ingested/kg body weight/day (oral) or :g vinyl chloride/m3 (inhalation): 



Administered dose slope factor (oral, LED10 method) = 0.1 ÷ tissue dose LED10 (mg

metabolite/kg tissue/day) × 1.01 [(mg metabolite/kg tissue/day)/(mg/L vinyl chloride in

drinking water)] ÷ 2 L water ingested/day × 70 kg

where:




Tissue dose LED10 is the lower bound on the ED10, in units of (mg metabolite/kg

tissue/day) and is derived from the TOXRISK output;




0.1 represents the 10% response that is divided by the calculated LED10 to get the slope

at the LED10;




1.01= Conversion factor for the dose of metabolites to the human liver from a sample 

human continuous oral exposure (1 mg/L in drinking water);




70 kg = Human default body weight;




2 L/d = Default for daily drinking water ingestion.




Using the linearized multistage model, the conversion is as follows: 



Administered dose slope factor (LMS) = Target tissue slope factor (mg metabolite/kg 
tissue/day)-1 × 1.01 [(mg metabolite/kg tissue/day)/(mg/L vinyl chloride in drinking 
water)] ÷ 2 L water ingested/day × 70 kg 



where the constants in the conversion are as described above. 



To calculate the inhalation unit risk using the LED10 method, the conversion is as follows: 



Inhalation unit risk (LED10 method) = 0.1 ÷ tissue dose LED10 (mg metabolite/kg 
tissue/day) × 3.03 [(mg metabolite/kg tissue/day)/(ppm vinyl chloride)] × 0.039 
(ppm/mg/m3) × 10-3 (:g/m3)/(mg/m3) 



where: 



3.03 = Conversion factor for the dose of metabolites to the human liver from a sample 
human continuous inhalation exposure (1 ppm in air). 
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B.4. PARAMETERIZATION AND VALIDATION 



The parameters for the model are listed in Tables B-3 and B-4. The physiological 
parameters are the current EPA reference values (U.S. EPA, 1988), except for alveolar 
ventilation in the human, which was calculated from the standard EPA value for the ventilation 
rate in the human, 20 m3/day, assuming a 33% pulmonary dead space. The partition coefficients 
for Fischer-344 (F344) rats were taken from Gargas et al. (1989), and those for Sprague-Dawley 
rats were taken from Barton et al. (1995). The Sprague-Dawley values were also used for 
modeling of Wistar rats. Blood/air partition coefficients for the other species were obtained 
from Gargas et al. (1989), and the corresponding tissue/blood partition coefficients were 
estimated by dividing the Sprague-Dawley rat tissue/air partition coefficients by the appropriate 
blood/air value. 



The affinity for the 2E1 pathway (KM1) in the rat, mouse, and hamster was set to 0.1 on 
the basis of studies of the competitive interactions between CYP2E1 substrates in the rat (Barton 
et al., 1995; Andersen et al., 1987b). The affinity used for the non-2E1 pathway (KM2) in the 
mouse and rat was set during the iterative fitting of the rat total metabolism, glutathione 
depletion, and rate of metabolism data, described below. The capacity parameters for the two 
oxidative pathways (VMAX1C and VMAX2C) in the mouse, rat, and hamster were estimated by 
fitting the model to data from closed-chamber exposures with each of the species and strains of 
interest (Barton et al., 1995; Bolt et al., 1977; Clement, 1990; Gargas et al., 1990). After the 
other parameters were scaled from animal weights obtained from individual studies, the model 
was exercised for optimization to a single pair of values, VMAX1C and VMAX2C, to be used 
for all of the data on a given sex/strain/species. 



Initial estimates for the subsequent metabolism of the reactive metabolites and for the 
glutathione submodel in the rat were taken from the model for vinylidene chloride (D'Souza and 
Andersen, 1988). These parameter estimates, along with the estimates for VMAX2C and KM2, 
were then refined for the case of VC in the Sprague-Dawley rat using an iterative fitting process 
that included the closed-chamber data for the Sprague-Dawley and Wistar rat (Barton et al., 
1995; Bolt et al., 1977; Clement, 1990) along with data on glutathione depletion (Jedrychowski 
et al., 1985; Watanabe et al., 1976d), and total metabolism (Gehring et al., 1978). The 
parameters obtained for the rat were used for the other species with appropriate allometric 
scaling (e.g., body weight to the -1/4 for the first order rate constants). 



Figures B-1a through B-1d show the results of this interactive fitting process for mice 
and Figures B-2a through B-2g present the results for several strains of rats, with Figure B-2h 
demonstrating the fit to hamster data. Figures B-3a through B-3c demonstrate the capability of 
the model to simulate depletion of internal GSH (measured as cytoplasmic nonprotein sulfhydryl 
concentration) as a function of external air exposure to various concentrations of VC and as a 
function of time after inhalation exposure to VC (Jedrychowski et al., 1985). Figure B-4 shows 
data and simulation results from modeling total metabolism (the amount of radiolabeled VC 
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Table B-3. Model parameters and their coefficients of variation for the Vinyl 
Chloride Model 



Unscaled parameters 



Mouse (CV-%)a Rat (CV-%) Human (CV-%) 



BW Body weight (kg) —b  (11) —  (11) 70.0 (30) 



QPC Alveolar ventilation (L/hr, 1 kg animal) 30.0 (58) 21.0 (58) 24.0 (16) 



QCC Cardiac output (L/hr, 1 kg animal) 18.0 ( 9) 18.0 ( 9) 16.5 ( 9) 



Tissue blood flows (fraction of cardiac output): 



QRC Flow to rapidly perfused tissues 0.51 (50) 0.51 (50) 0.5 (20) 



QFC Flow to fat 0.09 (60) 0.09 (60) 0.05 (30) 



QSC Flow to slowly perfused tissues 0.15 (40) 0.15 (40) 0.19 (15) 



QLC Flow to liver 0.25 (96) 0.25 (96) 0.26 (35) 



Tissue volumes (fraction of body weight): 



VSC Volume of slowly perfused tissues 0.77 (30) 0.75 (30) 0.63 (30) 



VFC Volume of fat —  (30) —  (30) 0.19 (30) 



VRC Volume of richly perfused tissues 0.035 (30) 0.05 (30) 0.064 (10) 



VLC Volume of liver 0.055 ( 6) 0.04 ( 6) 0.026 ( 5) 



Partition coefficients: 



PB Blood/air 2.26 (15) 2.4 (15) 1.16 (10) 



PF Fat/blood 10.62 (30) 10.0 (30) 20.7 (30) 



PS Slowly perfused tissue/blood 0.42 (20) 0.4 (20) 0.83 (20) 



PR Richly perfused tissue/blood 0.74 (20) 0.7 (20) 1.45 (20) 



PL Liver/blood 0.74 (20) 0.7 (20) 1.45 (20) 



Metabolic parameters: 



VMAX1C Maximum velocity of first saturable pathway 
(mg/hr, 1 kg animal) 



— (20) — (20) 4.0 (30) 



KM1 Affinity of first saturable pathway (mg/L) 0.1 (30) 0.1 (30) 0.1 (50) 



VMAX2C Maximum velocity of second saturable 
pathway (mg/hr, 1 kg animal) 



— (20) —  (20) 0.1 ( 0) 
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Table B-3. Model parameters and their coefficients of variation for the Vinyl 
Chloride Model (continued) 



KM2 Affinity of second saturable pathway (mg/L) 10.0 (30) 10.0 (30) 10.0 (50) 



GSH parameters: 



KCO2C First order CEO breakdown to CO2 1.6 (20) 1.6 (20) 1.6 (20) 



KGSMC Conjugated rate constant with metabolite 0.13 (20) 0.13 (20) 0.13 (20) 



KFEEC Conjugated rate constant with non-GSH 35.0 (20) 35.0 (20) 35.0 (20) 



GSO Initial GSH concentration 5,800.0 (20) 5,800.0 (20) 5,800.0 (20) 



KBC First order rate constant for GSH breakdown 0.12 (20) 0.12 (20) 0.12 (20) 



KS Constant controlling resynthesis 2,000.0 (20) 2,000.0 (20) 2,000.0 (20) 



KOC Zero order production of GSH 28.5 (20) 28.5 (20) 28.5 (20) 



Dosing parameters: 



KA Oral uptake rate (/hr) 3.0 (50) 3.0 (50) 3.0 (50) 



aCV-%: Coefficient of variation = (Standard deviation/mean) × 100 
bSee Table B-4. 



Table B-4. Strain/study-specific parameter values 



BW VFC VMAX1C VMAX2C 



Swiss albino mice 
(inhalation study) 



Male 
Female 



0.044 
0.040 



0.13 
0.12 



8.0 
5.0 



0.1a 



3.0 



Sprague-Dawley rats 
(inhalation study) 



Male - low dose 
Male - high dose 
Female - low dose 
Female - high dose 



0.638 
0.433 
0.485 
0.321 



0.19 
0.13 



0.200 
0.14 



4.0 
4.0 
3.0 
3.0 



2.0 
2.0 
0.1a 



0.1a 



Sprague-Dawley rats 
(gavage study) 



Male - low dose 
Male - high dose 
Female - low dose 
Female - high dose 



0.632 
0.405 
0.445 
0.301 



0.19 
0.12 
0.18 
0.13 



4.0 
4.0 
3.0 
3.0 



2.0 
2.0 
0.1a 



0.1a 



Wistar rats 
(drinking water study) 



Male 
Female 



0.436 
0.245 



0.14 
0.11 



4.0 
3.0 



2.0 
0.1a 
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Table B-4. Strain/study-specific parameter values (continued) 



Scaled Parameters 



QP = QPC*BW0.75




QC = QCC*BW0.75




QR = QRC*QC

QF = QFC*QC

QS = QSC*QC

QL = QLC*QC

QC = QL + QF + QS + QR




Note: Since all of the input parameters are subject to modification by the Monte Carlo analysis, it is necessary to

recompute the total blood flow in order to maintain mass balance (where QCC, QLC, QFC, QSC, and QRC are

subject to modification).




VS = VSC*BW

VF = VFC*BW

VR = VRC*BW

VL = VLC*BW




VMAX1 = VMAX1C*BW0.75




VMAX1M = VMAX1C*BW0.75*1000.0/MW

VMAX2 = VMAX2C*BW0.75




VMAX2M = VMAX2C*BW0.75*1000.0/MW




KCO2 = KCO2C/BW0.25




KGSM = KGSMC/BW0.25




KFEE = KFEEC/BW0.25




GSO= VLC*BW*GSO

KB = KBC/BW0.25




KO = KOC*BW0.75




Principal Dose Surrogate 



RISK = (Total amount metabolized)/VL 



Other Dose Surrogates 



RISK1 = (Total amount metabolized by pathway 1)/VL 
RISKG = (Total amount reacted with glutathione)/VL 
RISKM = (Total amount binding to cellular materials)/VL 
RISKT = Lifetime Average Daily Dose based on RISK 
RISKN = Lifetime Average Daily Dose based on RISKM 
RISKR = Lifetime Average Daily Dose based on RISKG 
RISKT1 = Lifetime Average Daily Dose based on RISK1 



aThe value of this parameter was normally set to zero.  It was only set to 0.1 for the PBPK_SIM runs. The variance 
for this parameter was set to zero in the PBPK_SIM runs. 
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(a) (b) 



(c) (d) 



Figure B-1.  Model predictions (lines) and experimental data (symbols) for the chamber 
concentration during exposure of mice or hamsters to VC in a closed, recirculated chamber 
(Clement, 1990):  (a) male B6C3F1 mice; (b) female B6C3F1 mice; (c) male CD-1 mice; (d) 
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(a) (b) 



(c) (d) 



Figure B-2.  Model predictions (lines) and experimental data (symbols) for the chamber 
concentration during exposure of rats to VC in a closed, recirculated chamber:  (a) male 
F344 rats (Gargas et al., 1990); (b) male F344 rats (Clement, 1990); (c) female F344 rats 
(Clement, 1990); (d) male Sprague-Dawley rats (Barton et al., 1995). 
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(e) (f) 



(g) 



Figure B-2 (continued): (e) male Wistar rats (Bolt et al., 1977); (f) male Wistar rats 
(Clement, 1990); (g) female Wistar rats (Clement, 1990). 
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(h) 



Figure B-2 (continued): (h) male Golden Syrian hamsters (Clement, 1990). 
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(a) (b) 



(c) 



Figure B-3.  Model-predicted (lines) and experimentally determined (symbols): (a) GSH 
concentrations (% controls) after 4-hr inhalation exposures to VC at concentrations of (top 
to bottom) 15, 50, 150, 500, and 15,000 mg/m3 (Jedrychowski et al., 1985); (b) glutathione 
concentrations (% control animal levels) immediately following 4-hr inhalation exposures 
to VC (Jedrychowski et al., 1985); (c) GSH concentrations (% controls) immediately 
following 6-hr inhalation exposures to VC (Watanabe et al., 1976a). 
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Figure B-4.  Model-predicted (lines) and experimentally determined (symbols) total 
amount metabolized during 6-hr inhalation exposures to VC (Gehring et al., 1978). 
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remaining in rat carcasses after a 6-hr air exposure to VC) (Gehring et al., 1978). No systematic 
errors could be surmised from these results, indicating that the kinetic parameters optimized by 
the model were valid for the species/strain/sex over a wide range of external air concentrations. 



Parameterization of the P450 metabolism pathways in the human was accomplished as 
follows: There is no evidence of high-capacity, low-affinity P450 metabolism for chlorinated 
ethylenes in the human; therefore, VMAX2C in the human was set to zero. The ratio of 
VMAX1C to KM1 could be estimated by fitting the model to data from closed-chamber studies 
with human subjects (Buchter et al., 1978) in a manner entirely analogous to the method used for 
the animal closed-chamber analysis. The result of this process is shown in Figures B-6a and B-
6b. The precision and sensitivity of the estimate of VMAX1C/KM1 can be evaluated by a 
comparison of the several model runs shown in these figures, as each simulation was based on a 
separate designation of VMAX1C. It can be seen that the estimate of VMAX1C/KM1 in each 
subject can be determined to within about 30% to 50%, but that the ratio varies between the two 
subjects, as represented by the two lines on Figure B-6b. This variability of CYP2E1 activity in 
the human is not surprising; several studies have demonstrated a variability of human CYP2E1 
activity of roughly an order of magnitude (Reitz et al., 1989; Sabadie et al., 1980). This wide 
variability is not observed in the inbred strains typically used in animal studies; for example, the 
coefficient of variation (standard deviation divided by the mean) for CYP2E1 activity in rats in 
one of these same studies was only 14% (Sabadie et al., 1980). This wide variability in human 
CYP2E1 activity is an important consideration for estimating the potential difference between 
average population risk and individual risk in a human cancer risk assessment for materials like 
VC, whose carcinogenicity depends on metabolic activation. 



In order to obtain separate estimates of VMAX1C and KM1 in the human, higher 
exposure concentration closer to metabolic saturation would be required. Fortunately, cross-
species scaling of CYP2E1 between rodents and humans appears to follow allometric 
expectations for metabolism very closely; that is, the metabolic capacity scales approximately 
according to body weight raised to the 3/4 power (Andersen et al., 1987a). Support for the 
application of this principle to VC can be obtained from data on the metabolism of VC in 
nonhuman primates (Buchter et al., 1980). On the basis of data for the dose-dependent 
metabolic elimination of VC in the rhesus monkey, the maximum capacity for metabolism can 
be estimated to be about 50 :mol/hr/kg. This equates to a VMAX1C (the allometrically scaled 
constant used in the model) of approximately 4 mg/hr for a 1 kg animal, which is in the same 
range as those estimated for rodents from the closed chamber exposure data. The similarity of 
VMAX1C in humans and rats is also supported by an in vitro study that found the activity of 
human microsomes to be 84% of the activity of rat microsomes. Based on these comparisons, 
the human VMAX1C was set to the primate value and KM1 was calculated using this value of 
VMAX1C and the ratio of VMAX1C/KM1 obtained from the closed chamber analysis. The 
ability of the resulting human model to reproduce inhalation exposure data (Buchter et al., 1978; 
Baretta et al., 1969) is shown in Figures B-6c, B-6d, and B-7. Note that the reproduction of 
parent chemical concentrations for a constant concentration inhalation exposure is not a 
particularly useful test of the accuracy of the metabolism parameters in a PBPK model of a 
volatile compound. The results of Figure B-7, in which three conditions of metabolism were run 
for each concentration (none, optimized value and twice the optimized value for VMAX1C), 
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indicate that the discrepancies or agreement between the model and the data are due primarily to 
details of the physiological description of the individual, such as fat content, ventilation rate, 
blood/air partition, etc., rather than rate of metabolism. 



In reviewing the selection of parameters by the expert panel, there was agreement that the 
values adopted were suitable, except for the KM1 of 1.0 for humans. It was noted that the 
derivation of this Km value was based upon a relative insensitive fitting exercise, in which the 
highest value is generally chosen. The highest value, however, does not necessarily reflect the 
actual rate of substrate oxidation at the enzyme active site. As noted by Kedderis et al. (1993) in 
vitro data with human enzymes do not indicate significant species differences in the kinetic 
parameters for CYP2E1 substrates. Therefore, the same KM1 value of the rodents, 0.1, was 
recommended and adopted for use as the human parameter. This metabolic value would indicate 
the same rapid affinity for VC metabolism in humans as in rats. 



Figures B-1 through B-4, B-6, and B-7 provide a basis to favorably evaluate the 
capability of the inhalation portion of the model and its parameters to reproduce and predict 
results from experimental inhalation data. There are, however, limited data to judge the 
capability and performance of the oral portion of the model. Figures B-8a, b, and c are data and 
model simulations of blood levels of VC after gavage administration of VC at the doses 
indicated. Modeled simulations provide poor fits to these depuration data, which are themselves 
problematic. A similarly poor data fit was observed with expiration of carbon dioxide in rats 
following oral dosing with VC (Figure B-5). There are no experimental data from drinking 
water or dietary studies to judge the performance of the oral portion of the model, although they 
would be expected to provide a better fit. In the case of gavage dosing, rapid uptake of large 
doses will result in a significant percentage of the VC being exhaled unmetabolized. 



The significance to the overall assessment of having experimental data to judge 
capabilities of a PBPK model relates directly to the confidence in model output, i.e., the dose 
metrics. Based on the existing experimental data, a much higher confidence would be placed in 
dose metrics derived from inhalation studies than for those derived from oral studies. Strategic 
programming within the PBPK model can, however, offset this lack of confidence.  This would 
be done by maximizing the potential of an oral dose for expressing toxicity, i.e., maximizing the 
conversion of the parent dose to the reactive species. This has been accomplished in the oral 
dose inputs by designating VC uptake from the dietary/drinking water route as zero-order (i.e., 
independent of concentration) and occurring over a 24-hr period. Thus, for oral inputs the model 
calculates total VC uptake spread out over a period where the concentrations would not exceed 
the capacity of the metabolic processes to work at maximum efficiency (i.e., where Vmax/Km 
are linear). These designations would produce the maximum value of the dose metric (mg 
metabolite/L liver) and may be viewed as being conservative or “worst case” with respect to 
what may actually occur during an oral dose. Coupled with the use of the same hepatic 
metabolic processes for both inhalation and oral inputs, this strategy is considered to increase the 
confidence in dose metrics derived from oral inputs. 
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B.5. COMPARISON OF RISK ASSESSMENTS FOR VC INHALATION 



The model just described was used to calculate the pharmacokinetic dose metrics for 
angiosarcoma in the most informative of the animal bioassays (Maltoni et al., 1981, 1984; Feron 
et al., 1981), as well as for human inhalation exposure. The results of these calculations are 
shown in Table B-5. The 95% upper confidence limits (UCLs) on the human risk estimates for 
lifetime exposure to 1 ppm VC were then calculated on the basis of each of the sets of bioassay 
data, using the 1-hit version of the LMS model, and the resulting risk estimates are shown in 
Table B-6. Because saturation of metabolism occurs well above the 1 ppm concentration in the 
human, estimates of risk below 1 ppm can be adequately estimated by assuming linearity (e.g., 
the risk estimates for lifetime exposure to 1 :g/m3 of VC would range from approximately 0.3 × 
10-6 to 1.0 × 10-5). It should be noted that although the animal studies represent both inhalation 
and oral exposure, the risk predictions in each case are for human inhalation exposure. 



Figure B-5. Model-predicted (lines) and experimentally determined (symbols) total expired 
CO2, as a percent of total metabolism (upper line and symbols) and as a percent of dose 
(lower line and symbols), following oral dosing with VC in corn oil (Watanabe and 
Gehring, 1976b). 
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(a) (b) 



(c) (d) 



Figure B-6. Model predictions (lines) and experimental data (symbols) for the chamber 
concentration during exposure of human subjects to VC in a closed, recirculated chamber 
(Buchter et al., 1978).  (a) The lines show the model predictions for (left to right) VMAX1C 
= 2.5, 3.5, and 4.5.  The rest of the model parameters are those shown for the human in 
Table A-1. (b) The lines show the model predictions for (left to right) VMAX1C = 10 and 
3.5 (compare to Subject A in Fig. B-6a).  The rest of the model parameters are those shown 
for the human in Table A-1. (c) The lines show the model predictions for (top to bottom) 
VMAX1C = 2.5, 3.5, and 4.5.  The rest of the model parameters are those shown for the 
human in Table A-1.  (d) The lines show the model predictions for (top to bottom) 
VMAX1C = 10 and 3.5.  The rest of the model parameters are those shown for the human 
in Table A-1. 
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Figure B-7.  Model predictions (lines) and experimental data (symbols) for the exhaled air 
concentration following inhalation exposure of human subjects for 8 hr (with a 30-min 
break for lunch) to a constant concentration of (top to bottom) 492, 261, and 59 ppm VC 
(Baretta et al., 1969).  At each concentration the three lines show the model predictions for 
(top to bottom) VMAX1C = 0, 4, and 8.  The rest of the model parameters are those shown 
for the human in Table A-1. 
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(a) (b) 



(c) 



Figure B-8.  Model-predicted (lines) and experimentally determined (symbols) blood 
concentrations following oral dosing with VC in corn oil (Withey et al., 1976):  (a) 25.8 
mg/kg, (b) 28.52 mg/kg, (c) 77.47 mg/kg.  The KA (absorption rate constant) used was (a) 2, 
(b) 2, (c) 4. 
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Table B-5. Dose metric values for angiosarcomas 



Daily dosee 



metric 
mg/L liver 



Lifetimef 



average daily 
delivered dose 



mg/L liver 



Reference Route Species Duration Dose Incidence RISK RISK 



Occupational 
exposure 



Inhalation Human 8 hr/d, 5 d/wk, 
50 wk/yr for 10 
of 70 yr 



50 ppm 26.574g 



(44.747) 
2.607 



(4.390) 



100 ppm 51.685 
(88.631) 



5.071 
(8.696) 



200 ppm 97.509 
(172.566) 



9.567 
(16.932) 



500 ppm 202.356 
(353.642) 



19.854 
(34.698) 



1,000 ppm 300.965 
(431.489) 



29.530 
(42.336) 



2,000 ppm 386.295 
(478.173) 



37.902 
(46.917) 



8 hr/d, 5 d/wk, 
50 wk/yr for 20 
of 70 yr 



50 ppm 26.574 
(44.747) 



5.215 
(8.781) 



100 ppm 51.685 
(88.631) 



10.142 
(17.392) 



200 ppm 97.509 
(172.566) 



19.134 
(33.863) 



500 ppm 202.356 
(353.642) 



39.709 
(69.396) 



1,000 ppm 300.965 
(431.489) 



59.059 
(84.672) 



2,000 ppm 386.295 
(478.173) 



75.804 
(93.833) 



Continuous 
exposure 



1 ppm in aira 1.74 
(3.029) 



1.74 
(3.029) 



Drinking 
water 



0.028 mg/kg/d 
(1 mg/L in 
drinking water) 



0.581 
(1.010) 



0.581 
(1.010) 



Maltoni et al., 
1981, 1984 
(BT4)b 



Inhalation Swiss 
Albino 
mice (M) 



4 hr/d, 5 d/wk for 
30 of 104 wk 



0 ppm 0/80 



50 ppm 1/30 161.924 33.363 



250 ppm 9/30 775.615 159.811 



500 ppm 6/30 1,245.220 256.570 



2,500 ppm 6/29 1,434.800 295.632 



6,000 ppm 2/30 1,479.270 304.795 



10,000 ppm 1/26 1,505.580 310.216 



B-27












Table B-5. Dose metric values for angiosarcomas (continued) 



Daily dosee 



metric 
mg/L liver 



Lifetimef 



average daily 
delivered dose 



mg/L liver 



Reference Route Species Duration Dose Incidence RISK RISK 



Maltoni et al., 
1981, 1984 
(BT4)b 



(continued) 



Inhalation Swiss 
Albino 
mice (F) 



4 hr/d, 5 d/wk for 
30 of 104 wk 



0 ppm 0/70 



50 ppm 0/30 156.907 32.330 



250 ppm 9/30 673.015 138.671 



500 ppm 8/30 887.253 182.813 



2,500 ppm 10/30 1,197.670 246.773 



6,000 ppm 11/30 1,341.160 276.338 



10,000 ppm 9/30 1,405.330 289.560 



Daily dose 
metric 



Lifetime 
average 



delivered dose 



Reference Route Species Duration Dose Incidence RISK RISK 



Maltoni et al., 
1981, 1984 
(BT1, BT2, and 
BT15)c 



Inhalation Sprague-
Dawley 
rats (M) 



4 hrs/d, 5 d/wk 
for: 
52 of 147 wk 
(BT15) 



0 ppm 0/108 



1 ppm 0/48 2.398 0.606 



5 ppm 0/43 11.985 3.028 



10 ppm 0/42 23.933 6.047 



25 ppm 1/41 59.552 15.047 



52 of 135 wk 
(BT1) 



50 ppm 0/26 117.989 32.463 



52 of 143 wk 
(BT2) 



100 ppm 0/37 59.70 



150 ppm 1/36 85.90 



200 ppm 7/42 107.39 



52 of 135 wk 
(BT1) 



250 ppm 2/26 473.425 130.254 



500 ppm 6/28 593.928 163.409 



2,500 ppm 7/24 803.198 220.986 



6,000 ppm 10/25 911.248 250.714 
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Table B-5.  Dose metric values for angiosarcomas (continued) 



Daily dose 
metric 



Lifetime 
average 



delivered dose 



Reference 



Maltoni et al., 
1981, 1984 
(BT1, BT2, 
and BT15)b 



(continued) 



Route 



Inhalation 



Species 



Sprague-
Dawley 
rats (F) 



Duration 



4 hrs/d, 5 d/wk 
for: 
52 of 147 wk 
(BT15) 



Dose 



0 ppm 



Incidence 



0/141 



RISK RISK 



1 ppm 0/55 2.343 0.592 



5 ppm 0/47 11.698 2.956 



10 ppm 1/46 23.332 5.895 



25 ppm 4/40 57.838 14.614 



52 of 135 wk 
(BT1) 



50 ppm 1/29 113.653 31.270 



52 of 143 wk 
(BT2) 



100 ppm 1/43 55.95 



150 ppm 5/46 76.67 



200 ppm 5/44 90.0 



0.714 
mg/kg/d 



1/21 16.373 4.472 



2.38 mg/kg/d 0/34 50.390 13.762 



11.9 mg/kg/d 4/39 133.231 36.387 



35.7 mg/kg/d 8/36 203.079 55.463 



Sprague-
Dawley 
rats (F) 



0 mg/kg/d 0/73 



0.021 
mg/kg/d 



0/18 0.477 0.130 



0.214 
mg/kg/d 



1/19 4.835 1.321 



0.714 
mg/kg/d 



2/29 15.800 4.315 



2.38 mg/kg/d 0/37 45.330 12.380 



11.9 mg/kg/d 6/34 102.763 28.066 



35.7 mg/kg/d 9/35 143.866 39.291 



Feron et al., 
1981 



Diet Wistar 
rats (M) 



135 wk 0 mg/kg/d 0/55 
(0/55)d 



1.7 mg/kg/d 0/58 (2/58) 39.539 39.539 



5.0 mg/kg/d 6/56 
(11/56) 



116.103 116.103 



14.1 mg/kg/d 27/59 
(41/59) 



325.845 325.845 



Wistar 
rats (F) 



144 wk 0 mg/kg/d 0/57 (2/57) 



1.7 mg/kg/d 0/58 
(28/58) 



38.611 38.611 
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Table B-5. Dose metric values for angiosarcomas (continued) 



Daily dose 
metric 



Lifetime 
average 



delivered dose 



Reference Route Species Duration Dose Incidence RISK RISK 



5.0 mg/kg/d 2/59 
(49/59) 



113.243 113.243 



14.1 mg/kg/d 9/57 
(56/57) 



316.628 316.628 



aThe dose metrics reported here differ from those shown in Table A-3, because of use of different breathing rates. The

standard EPA breathing rate was used to calculate the dose metric shown in Table A-3, and that value was used for the risk

calculations.

bThe denominator for the incidence data is the total number of mice, as used by Chen and Blancato (1989).

cThe denominator is the number of rats alive when the first angiosarcoma was observed, as used by Chen and Blancato

(1989). However, the male and female incidence data shown here differ from that reported by Chen and Blancato (1989),

after verification with the original study (Maltoni et al., 1984).

dNumber in parentheses is the combined incidence of liver angiosarcomas, hepatocellular carcinomas, and neolastic

nodules.

eDaily dose metric for subject species. Animal metric not converted to human metric.

fConverted to continuous exposure over a lifetime.

gAssuming a km value of 1.0 for humans. The numbers in parenthesese represent metrics based upon a km value of 0.1. 
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Table B-6. Human risk estimates for inhalation exposure based 
on angiosarcoma incidence in oral and inhalation animal assays 
and various dose metrics 



Risk × 10-3/ppma,b,c 



(95% UCL) 
P Fit 



Maltoni et al. (1981, 1984) 
BT4 - Inhalation 



Male mice 



Female mice 



2.6 



5.7 



0.005 



0.5 



Reject 



Good 



Maltoni et al. (1981, 1984) 
BT15/BT1 - Inhalation 



Male rats 



Female rats 



9.0 



3.9 



0.1 



0.2 



Poor 



OK 



Maltoni et al. (1981, 1984) BT11- Gavage 



Male rats 



Female rats 



15.1 



27.3 



0.3 



0.07 



OK 



Poor 



Feron et al. (1981) - Diet 



Male rats 



Female rats 



5.3 



1.9 



0.005 



0.4 



Reject 



Good 



aRisks were calculated using the 1-hit version of the LMS model. 
bTo convert risk estimates to a ug/m3 basis divide by 2600. 
cBased on dose metric “RISK.” 
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There are no consistent differences between risk estimates based on male and female 
animals exposed via inhalation, with the female-based risks being higher than the male-based 
risks in some studies and lower in others, but generally agreeing within a factor of 2 to 3. The 
human risk estimates based on inhalation studies with mice (0.35 × 10-6 to 2.4 × 10-6 per :g/m3) 
agree very well with those based on inhalation studies with rats (1.0 × 10-6 to 4.2 × 10-6 per 
:g/m3), demonstrating the ability of pharmacokinetics to integrate dose-response information 
across species. 



The risks estimated from the dietary administration of VC based upon liver 
angiosarcomas alone (0.7 × 10-6 to 2 × 10-6 per :g/m3) are similar to those obtained from the 
inhalation bioassays. However, the risk estimates based on combined incidence of 
angiosarcoma, hepatocellular carcinoma, and neoplastic nodules are considerably greater. Oral 
gavage of VC in vegetable oil also resulted in about a sixfold greater risk than the risk based 
upon either angiosarcomas alone in the oral exposures, or the inhalation exposure. It has 
previously been noted in studies with chloroform that administration of the chemical in corn oil 
results in more marked hepatotoxic effects than when the same chemical is provided in an 
aqueous suspension (Bull et al., 1986). It has also been demonstrated that administration of corn 
oil alone leads to an increase in peroxisomal oxidative enzyme activity in rats (DeAngelo et al., 
1989). The toxicity and oxidative environment created in the liver by continual dosing with 
large volumes of vegetable oil could serve to potentiate the effects of genotoxic carcinogens in 
the liver. In support of this suggestion, Newberne et al. (1979) found that incorporation of corn 
oil into the diet increased the yield of aflatoxin B1-induced tumors in rats. A similar 
phenomenon could be responsible for the apparently higher potency of VC when administered 
by oil gavage compared to incorporation in the diet. 



The p-values for the goodness of fit of the one-stage LMS model with the 
pharmacokinetic dose metric RISK to the bioassay data are generally acceptable, with only two 
data sets meeting the criterion for rejection of the model at p=0.05. The p-values for goodness of 
fit with the different metrics (including RISK, RISKM, and RISKG) were in general very 
similar; therefore only a single representative p-value is shown for each bioassay data set. The 
similarity of the p-values makes it impossible to select one metric over another on the basis of 
agreement with the dose-response of the incidence data. Fortunately, the risks predicted for each 
of the studies by the various dose metrics are quite similar. The RISKM metric, which is the 
most biologically plausible, predicts slightly lower risks than the other two dose metrics; the 
RISKG metric, which is probably the least likely, predicts the highest risks. 



B.5.1. Epidemiological Analysis of Vinyl Chloride Carcinogenicity 



In order to evaluate the plausibility of the risks predicted on the basis of the animal data, 
risk calculations were also performed on the basis of available epidemiological data. A linear 
relative risk dose-response model was used for analysis of the human data: 



O = E(1 + "*d), 
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where O is the observed number of liver tumors, E is the expected number of such tumors apart 
from any exposure, d is a cumulative dose metric (see discussion below), and " is a potency 
parameter that can be estimated by maximum likelihood techniques. Then it follows that the 
lifetime probability of liver cancer, P(d), can be estimated by 



P(d) = P0(1 + "*d), 



where P0 is the background probability of liver cancer death. Actually, the lifetime risk should 
be estimated by a lifetable method, but the above approximation should be close enough for the 
purpose of these comparative potency estimates. 



Now suppose that for a particular exposure scenario (e.g., a VC atmospheric 
concentration of 50 ppm, 8 hr a day, 5 days per week), the PBPK model predicts an average 
daily internal dose metric of X. Then the cumulative exposure that should be used in the dose-
response model is X*Y, where Y is the number of years of such exposure. Note that to compute 
this PBPK-based cumulative dose, one must have an estimate of the “typical” workplace 
exposure concentration for each subcohort, separate from the number of years of exposure for 
the subcohort, rather than just a cumulative dose estimate. Only after the internal dose has been 
calculated with the PBPK model can the duration of exposure be applied to get a cumulative 
internal dose. 



To obtain pharmacokinetic human-based risk estimates, the PBPK model was run for the 
exposure scenario appropriate to each of the selected subcohorts from the studies discussed 
below. The resulting internal dose metrics (which included RISKM and RISKG for comparison 
with RISK) were multiplied by the appropriate durations to obtain the cumulative internal doses, 
which were then input into the relative risk model along with the observed and expected liver 
cancer deaths for each subcohort to get an estimate of the maximum likelihood estimate and 95% 
confidence interval for ". Then, to determine the risk associated with a continuous lifetime 
exposure to 1 ppm for comparison with the animal results, the PBPK model was run for a 1 ppm 
continuous exposure and the average daily value of the various internal dose metrics was 
calculated. Multiplying the dose metrics by 70 years gives the appropriate cumulative dose for 
the relative risk model. For a P0 sufficiently small (which it should be for liver cancer in 
humans), the extra risk for a lifetime exposure to 1 ppm VC will be approximately: 



P0*"*d1, 



where d1 = cumulative internal dose for 1 ppm continuous exposure. Using the 95% upper 
bound on the estimate for " provides a 95% upper confidence limit on the lifetime risk per ppm 
for comparison with the animal-based results obtained with the LMS model. 



Three epidemiological studies that associated increased liver cancer with exposure to 
VC, and that provide sufficient information to support separate exposure concentration and 
duration estimates (as opposed to just cumulative exposure estimates), were selected for this 
study: Fox and Collier (1977), Jones et al. (1988), and Simonato et al. (1991). For each study, 



B-33












risk was calculated as a linear function of the product of duration and cumulative tissue dose. 



B.5.1.1. Fox and Collier (1977) 



This study is probably the best with respect to providing information about duration of 
employment for different exposure-level groupings (see their Table 2). The average exposure 
levels were estimated to be 12.5, 70, and 300 ppm for the low, medium, and high exposure 
groups, respectively (Clement, 1987); for comparison Chen and Blancato (1989) estimated 
averages of 11, 71, and 316 ppm. For the constant exposure groups, these concentrations were 
input into the human PBPK model, assuming 8 hr/day and 5 days/week exposure, to get average 
daily internal dose metrics, which were then multiplied by the duration averages (assumed to be 
5, 15, and 27 years) to get cumulative doses. For the intermittent exposure groups, exposure for 
2 hr/day, 5 days/week was assumed. 



Thus, for each exposure level, six values for the cumulative dose were calculated: one 
for each of three exposure durations, under both the intermittent and constant exposure 
scenarios. Because observed and expected numbers of liver cancers were reported only by 
exposure group, not broken down by duration (see their Table 9), an overall average dose was 
needed for each exposure level. Therefore, a weighted average of the six values for the 
cumulative dose was calculated for each exposure group (high, medium, and low), averaging 
across the duration of exposure categories and constant versus intermittent groups. The 
weighting was performed using the number of workers in the various subcohorts (their Table 2). 



The resulting weighted dose estimates for each internal dose metric were then input into 
the relative risk model along with the observed and expected tumors reported by the 
investigators: 



Cumulative dose Obs. Exp. 
Average low dose 1 0.75 
Average medium dose 1 0.77 
Average high dose 2 0.13 



The resulting risk estimates for each pharmacokinetic dose metric are shown in Table 
B-7. The range of risk estimates reflects uncertainty in the appropriate value for P0, the 
background probability of death from liver cancer. The lower risk estimate was calculated using 
the value of P0 derived in the Fox and Collier study, while the higher risk estimate was 
calculated using an estimate of the lifetime liver cancer mortality rate in the U.S. population 
(Chen and Blancato, 1989). Note that the “range” of risk estimates reflects the results 
corresponding to two assumptions about the background rate of liver cancer in humans, rather 
than reflecting a true range. An important factor in interpreting these results is that the 
classification into exposure groups in this study was based on the maximum exposure level that a 
worker experienced. This leads to overestimation of cumulative exposure, particularly for the 
workers in the medium and high groups, and therefore a probable underestimation of risk when 
using the linear relative risk model. 
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B.5.1.2. Jones et al. (1988) 



This study was an update of the cohort studied by Fox and Collier. Unfortunately, it does 
not provide as much information about duration of exposure, so the analysis must be limited to 
the autoclave workers. For those workers, four duration-of-employment categories are given 
(see their Table 4); in the present analysis estimated average durations of 1.5, 3, 7.5, and 15 
years were used. Their Table 1 shows that the autoclave workers had exposures ranging between 
150 and 800 ppm at various points in time. A value of 500 ppm was used in the PBPK model (8 
hr/day, 5 days/week) to get the average daily internal doses. The average daily internal doses 
were then multiplied by the four average durations of exposure to get cumulative doses for the 
four groups: 



Cumulative dose group 



Low 
Mid 1 
Mid 2 
High 



Cumulative dose 
(units of RISK dose metric) 



400 mg/L × year 
802 mg/L × year 



2,004 mg/L × year 
4,009 mg/L × year 



Obs. Exp. 



0 0.07 
1 0.08 
2 0.08 
4 0.15 



Note that the different cumulative dose groups here reflect different exposure durations to the 
same average VC concentrations. Insufficient data were presented in this paper to identify the 
number of workers exposed to different exposure levels for different durations. 



The resulting risk estimates for each pharmacokinetic dose metric are shown in Table B-
7. In each case the lower risk estimate was calculated using the value of P0 derived in the Jones 
et al. (1988) study, while the higher risk estimate was calculated using an estimate of the lifetime 
liver cancer mortality rate in the U.S. population (Chen and Blancato, 1989). As with the Fox 
and Collier (1977) study, it is important to note that workers were classified into job categories 
based on the category with the highest exposure, leading to overestimation of cumulative 
exposure. 
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:



Table B-7. Risk estimates for angiosarcoma based on 
epidemiological studies (to convert to a unit risk basis 
[per :g/m3], divide by 2,600). 



Study 



Risk based on 
dose metric RISK 



(95% UCL RISK/ppm) 



Fox and Collier (1977) 1.2 - 7.3 × 10-3 



Jones et al. (1988) 1.7 - 6.3 × 10-3 



Simonato et al. (1991) 0.70 - 1.4 × 10-3 



B.5.1.3. Simonato et al. (1991) 



This study has the largest cohort and the most liver cancer deaths (24). Unfortunately, 
the exposure information may not be as accurate as in the other two studies discussed above, 
since it was collected from many different workplaces in several different countries, and since 
the original reporting of the exposure levels was relatively crude (ranges of <50, 50-499, and > 
500 ppm). As in the Fox and Collier study, the classification was based on the “highest level to 
which the workers were potentially exposed.” Thus, as with the previous studies, the estimates 
of risk from this cohort are probably underestimates of the true risk. 



Another problem with the reporting of the results in this study is that the durations of 
exposure are not cross-classified according to exposure level as was done in the Fox and Collier 
report. In fact, there is very little information about duration of exposure that would allow 
estimation of an average value for the entire cohort, let alone the exposure groups. (Note that 
one cannot use the cumulative exposure groupings, as discussed above, because the exposure 
level must be separated from exposure duration.) The information in Simonato et al. (1991) 
Table 2 (person-years of observation by duration of employment) was used to estimate an 
average duration under the following assumption: if the follow-up time does not depend on the 
duration of employment, then the differences in the person-years of follow-up is due to the 
numbers of individuals in each duration category. The weighted average (trying different 
averages for the > 20 year group) gives an estimate of 9 years of employment. This duration was 
used with model-predicted daily dose metrics for average exposure level estimates of 25, 158, 
and 600 ppm. The cumulative internal doses were input into the relative risk model with the 
following observed and expected liver cancer deaths reported by the study authors: 
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Cumulative Dose Obs. Exp. 
Low  4 2.52 
Medium  7 1.86 
High  12 2.12 



The resulting risk estimates for each pharmacokinetic dose metric are shown in Table B-
7. Again, the lower risk estimates were calculated using the value of P0 derived in the Simonato 
et al. (1991) study, while the higher risk estimates were calculated using an estimate of the 
lifetime liver cancer mortality rate in the U.S. population (Chen and Blancato, 1989). 



The comparison in Table B-7 of the analyses of the three sets of data gives some 
indication of the consistency of the human results, even before the comparison with the animal 
predictions. It is encouraging that the lifetime risk of liver cancer per :g/m3 VC exposure 
estimated from the three studies only ranges over about one order of magnitude: from 0.2 to 3 × 
10-6 per :g/m3. Moreover, these estimates are in remarkable agreement with the estimates based 
on animal data shown in Table B-6. However, any confidence produced by this agreement 
should be tempered by the likelihood, discussed above, that misclassification of exposure in the 
human studies may somewhat underestimate the true risk at lower doses. Nevertheless, the 
agreement of the pharmacokinetic animal-based risk estimates with the pharmacokinetic human-
based risk estimates provides strong support for the assumption used in this study: that cross-
species scaling of lifetime cancer risk can be performed on a direct basis of lifetime average 
daily dose (without applying a body surface area adjustment) when the risks are based on 
biologically appropriate dose metrics calculated with a validated PBPK model. 



Based on a closer consideration of the results, a best estimate of the risk based on the 
human data can be calculated. The Simonato et al. (1991) study was excluded from this 
consideration because of the considerable uncertainty regarding exposure durations. Between 
the remaining two studies, the risk values from Jones et al. (1988) were chosen, since this study 
is an update of the Fox and Collier (1977) study. Finally, the higher of the two risk values 
calculated for the Jones et al. (1988) study was chosen, reflecting the underestimation of risk due 
to classification of workers by the job category with the highest exposure. Based on these 
factors, a best estimate of risk from the human studies is 6.3 × 10-3 per ppm (2.4 × 10-6 per 
:g/m3). This agrees quite closely with the mean of the risk estimates derived from the Maltoni et 
al. (1981, 1984) rat and mouse inhalation studies. 



B.5.2. Calculation of Approximate Risk Estimates for Other Tumors 



Although there is no evidence of human correspondence for the other tumors that occur 
at low doses in animals, it is of interest to attempt to estimate the likely level of risk that might 
be predicted for those tumors using a pharmacokinetic approach. Of particular interest are the 
nephroblastomas, which are a relatively rare tumor in the experimental species in which they 
were observed, and the mammary tumors, which are of concern in human females. Since the 
PBPK model does not contain kidney or mammary tissue compartments, and since there are not 
adequate data on the metabolism of VC in these tissues to construct them, a “zero-order 
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approximation” approach was utilized in which the metabolism of VC in the liver was used as a 
surrogate for in situ metabolism in the other tissues. Thus RISK was calculated for the 
conditions and doses of the bioassays showing increased incidence of nephroblastoma or 
mammary tumors (Table B-2). The results of these dose calculations are shown in Table B-8, 
and the resulting upper-bound risk estimates, using the one-hit version of the LMS model, are 
shown in Tables B-9 and B-10. Note that there is as yet no evidence regarding the mechanism 
underlying the production of either of these tumors, so the use of the LMS model (and the 
associated assumption of low-dose linearity) may not be justified. Dose metrics for 
hepatocellular carcinoma are also listed in Table B-9; these risks are similar to those for 
angiosarcoma. 



Given these caveats, it is interesting to observe that the range of risk estimates based on 
the incidence of nephroblastomas (0.07 × 10-6 to 2.4 × 10-6 per :g/m3) is very similar to that 
obtained for angiosarcomas. As with angiosarcoma, there was no evidence from the goodness-
of-fit tests that any of the dose metrics provided a better fit to the data. Risk estimates based on 
the mammary tumors are less consistent, ranging from 0.2 × 10-6 to 1.7 × 10-4 per :g/m3. Given 
the extremely high variability of the background incidence for mammary tumors in the 
experimental animals, as well as the highly nonlinear dose-response (for most of the studies the 
dose-response in the exposed groups is either flat or decreasing) it does not seem reasonable to 
perform a quantitative risk estimate based on this tumor outcome. Nevertheless, it is important 
to note that human females also demonstrate a background incidence of mammary tumors, and 
that the epidemiological cohorts, with one exception, did not include females. Therefore, it 
seems reasonable that the evidence of increased mammary tumor incidence from VC should be 
considered at least qualitatively during risk management decisions regarding potential human 
VC exposure. 



B.6. PHARMACOKINETIC SENSITIVITY/UNCERTAINTY ANALYSIS 



Table B-11 shows the normalized analytical sensitivities for the PBPK model described 
above. The normalized analytical sensitivity coefficient represents the fractional change in 
output associated with a fractional change in the input parameter. For example, if a 1% change 
in the input parameter results in a 2% change in the output, the sensitivity coefficient would be 
2.0. In Table B-11, the outputs are the dose metrics used in the analysis of angiosarcoma risk. 
The parameters in the table are defined in Tables B-3 and B-4. Sensitivity coefficients of less 
than 0.01 in absolute value were omitted from the table for clarity, and coefficients greater than 
0.2 in absolute value are outlined for emphasis. None of the parameters display sensitivities 
markedly greater than 1.0, indicating that there is no amplification of error from the inputs to the 
outputs. This is, of course, a desirable trait in a model to be used for risk assessment. 



It can be seen that of the 24 parameters in the VC model, 10 have essentially no impact 
on risk predictions based on any of the dose metrics, and only 8 have a significant impact on 
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Table B-8.  Dose metric values for other tumors 



Incidence 
Daily dose 



metrics 



Lifetime 
average 



delivered 
dose 



Reference Route Species Duration Dose Mamm. a Neph.b RISK RISK 



Lee et al., 
1977, 1978 



Inhalation Albino 
CD-1 mice 
(F) 



6 hr/d, 5 
d/wk for 52 
wk 



0 ppm 0/36 



50 ppm 9/34 235.368 168.12 



250 ppm 3/34 1,008.690 720.49 



1,000 ppm 13/36 1,524.920 1,089.23 



Drew et al., 
1983 



Inhalation Fischer-344 
rats (F) 



6 hr/d, 5 
d/wk for 104 
wk 



0 ppm 29/112 



100 ppm 31/55 274.462 196.04 



Golden 
Syrian 
hamsters (F) 



6 hr/d, 5 
d/wk for 78 
wk 



0 ppm 0/143 



200 ppm 47/102 753.523 538.23 



B6C3F1 
mice (F) 



6 hr/d, 5 
d/wk for 52 
wk 



0 ppm 3/69 



50 ppm 37/90 242.897 173.50 



CD-1 Swiss 
mice (F) 



6 hr/d, 5 
d/wk for 78 
wk 



0 ppm 2/71 



50 ppm 22/45 235.368 168.12 



Radike et al., 
1981 



Inhalation Sprague-
Dawley rats 
(M) 



4 hr/d, 5 
d/wk for 52 
wk 



0 ppm 



600 ppm 617.249 440.89 



Maltoni et al., 
1981, 1984 
(BT1) 



Inhalation Sprague-
Dawley rats 
(M) 



4 hr/d, 5 
d/wk for 52 
of 135 wk 



0 ppm 2/29 0/29 



50 ppm 1/30 0/30 117.990 32.46 



250 ppm 0/29 1/29 473.425 130.25 



500 ppm 0/30 2/30 593.931 163.41 



2,500 ppm 0/30 5/30 803.194 220.98 



6,000 ppm 0/29 4/29 911.248 250.71 



10,000 ppm 1/30 3/30 966.074 265.80 



Maltoni et al., 
1981, 1984 
(BT1) 
(continued) 



Inhalation Sprague-
Dawley rats 
(F) 



4 hr/d, 5 
d/wk for 52 
of 135 wk 



0 ppm 12/29 0/29 



50 ppm 11/30 1/30 113.653 31.27 



250 ppm 7/30 4/30 375.989 103.45 



500 ppm 5/30 4/30 425.029 116.94 



2,500 ppm 5/30 1/30 488.374 134.37 



6,000 ppm 6/30 1/30 522.359 143.72 



10,000 ppm 7/30 2/30 542.339 149.21 
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Table B-8. Dose metric values for other tumors (continued) 



Incidence Daily dose 
metrics 



Lifetime 
average 



delivered 
dose 



Reference Route Species Duration Dose Mamm. a Neph.b RISK RISK 



Maltoni et al., 
1981, 1984 
(BT2) 



Inhalation Sprague-
Dawley rats 
(M) 



4 hr/d, 5 d/wk 
for 52 of 143 
wk 



0 ppm 1/85 0/85 



100 ppm 0/60 8/60 229.851 59.70 



150 ppm 1/59 8/59 330.722 85.90 



200 ppm 3/60 5/60 413.443 107.39 



Sprague-
Dawley rats 
(F) 



0 ppm 20/100 0/100 



100 ppm 20/60 2/60 215.406 55.95 



150 ppm 12/60 3/60 295.167 76.67 



200 ppm 20/60 2/60 346.510 90.00 



Maltoni et al., 
1981, 1984 
(BT4) 



Inhalation Swiss mice 
(M) 



4 hr/d, 5 d/wk 
for 30 of 81 
wk 



0 ppm 0/80 



50 ppm 0/30 161.924 42.84 



250 ppm 0/30 775.615 205.19 



500 ppm 1/30 1,245.220 329.42 



2,500 ppm 0/29 1,434.800 379.58 



6,000 ppm 0/30 1,479.270 391.34 



10,000 ppm 0/26 1,505.580 398.30 



Maltoni et al., 
1981, 1984 
(BT4) 
(continued) 



Inhalation Swiss mice 
(F) 



4 hr/d, 5 d/wk 
for 30 of 81 
wk 



0 ppm 1/70 



50 ppm 12/30 156.683 41.45 



250 ppm 13/30 672.996 178.04 



500 ppm 10/30 887.322 234.74 



2,500 ppm 9/30 1,198.110 316.96 



6,000 ppm 9/30 1,341.100 354.79 



10,000 ppm 14/30 1,405.300 371.77 
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Table B-8. Dose metric values for other tumors (continued) 



Incidence Daily dose 
metrics 



Lifetime 
average 



delivered 
dose 



Reference Route Species Duration Dose Mamm. a Neph.b RISK RISK 



Maltoni et al., 
1981, 1984 
(BT3) 



Inhalation Sprague-
Dawley rats 
(M) 



4 hr/d, 5 
d/wk for 
17 wk 



0 ppm 1/108 0/108 



50 ppm 0/28 1/28 117.990 84.28 



250 ppm 0/30 3/30 473.425 338.16 



500 ppm 0/30 0/30 593.931 424.24 



2,500 ppm 3/30 2/30 803.194 573.71 



6,000 ppm 0/30 0/30 911.248 650.89 



10,000 ppm 1/28 0/28 966.074 690.05 



Sprague-
Dawley rats 
(F) 



0 ppm 14/82 0/82 



50 ppm 11/30 2/30 113.653 81.18 



250 ppm 5/29 3/29 375.989 268.56 



500 ppm 12/30 0/30 425.029 303.59 



2,500 ppm 12/30 0/30 488.374 348.84 



6,000 ppm 4/30 1/30 522.359 373.11 



10,000 ppm 6/30 1/30 542.339 387.39 



Maltoni et al., 
1981, 1984 
(BT9) 



Inhalation Sprague-
Dawley rats 
(M) 



4 hr/d, 5 
d/wk for 
52 of 142 
wks 



0 ppm 2/48 0/48 



50 ppm 14/144 0/144 117.990 30.86 



Maltoni et al., 
1981, 1984 
(BT9) 
(continued) 



Inhalation Sprague-
Dawley rats 
(F) 



4 hr/d, 5 
d/wk for 
52 of 142 
wk 



0 ppm 27/50 0/50 



50 ppm 117/150 1/150 113.653 29.73 



Maltoni et al., 
1981, 1984 
(BT15) 



Inhalation Sprague-
Dawley rats 
(M) 



4 hr/d, 5 
d/wk for 
52 of 147 
wk 



0 ppm 8/60 0/60 



1 ppm 8/58 0/58 2.398 0.61 



5 ppm 10/59 0/59 11.985 3.03 



10 ppm 6/59 0/59 23.933 6.05 



25 ppm 11/60 1/60 59.552 15.05 



Sprague-
Dawley rats 
(F) 



0 ppm 34/60 0/60 



1 ppm 46/60 0/60 2.343 0.59 



5 ppm 57/60 0/60 11.698 2.96 



10 ppm 52/60 0/60 23.332 5.90 



25 ppm 53/60 0/60 57.838 14.61 
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Table B-8.  Dose metric values for other tumors (continued) 



Incidence Daily dose 
metrics 



Lifetime 
average 



delivered 
dose 



Reference Route Species Duration Dose Mamm. a Neph.b RISK RISK 



Maltoni et al., 
1981, 1984 
(BT10) 



Inhalation Sprague-
Dawley rats 
(M) 



Group VII: 
Control 



11/107 0/107 



4 hr/d, 5 
d/wk for 
5 of 154 
wk 



Group I:  10,000 
ppm 



3/59 0/59 966.074 22.40 



Group II:  6,000 
ppm 



3/60 1/60 911.248 21.13 



1 hr/d, 4 
d/wk for 
25 of 154 
wk 



Group III: 
10,000 ppm 



2/59 0/59 356.811 33.10 



Group IV: 
6,000 ppm 



4/59 0/59 319.490 29.64 



4 hr/d, 1 
d/wk for 
25 of 154 
wks 



Group V: 
10,000 ppm 



9/60 0/60 966.074 22.40 



Group VI: 
6,000 ppm 



6/60 1/60 911.248 21.13 



Maltoni et al., 
1981, 1984 
(BT10) 
(continued) 



Inhalation Sprague-
Dawley rats 
(F) 



Group VII: 
Control 



76/120 0/120 



4 hr/d, 5 
d/wk for 
5 of 154 
wk 



Group I:  10,000 
ppm 



36/59 0/59 542.339 12.58 



Group II:  6,000 
ppm 



37/60 1/60 522.359 12.11 



1 hr/d, 4 
d/wk for 
25 of 154 
wk 



Group III: 
10,000 ppm 



42/60 0/60 222.071 20.60 



Group IV: 
6,000 ppm 



40/60 0/59 202.515 18.79 



4 hr/d, 1 
d/wk for 
25 of 154 
wk 



Group V: 
10,000 ppm 



45/59 1/59 542.339 12.58 



Group VI: 
6,000 ppm 



46/60 0/60 522.359 12.11 



Feron et al., 
1981 



Oral-diet Wistar rats 
(M) 



135 
weeks 



0 mg/kg/day 



1.7 mg/kg/day 37.561 



5 mg/kg/day 85.345 



14.1 mg/kg/day 143.370 



Wistar rats 
(F) 



144 
weeks 



0 mg/kg/day 



1.7 mg/kg/day 34.928 



5 mg/kg/day 71.008 



14.1 mg/kg/day 109.035 
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Table B-8. Dose metric values for other tumors (continued) 



Incidence Daily dose 
metrics 



Lifetime 
average 



delivered 
dose 



Reference Route Species Duration Dose Mamm. a Neph.b RISK RISK 



Til et al., 1983 Oral-diet Wistar rats 
(M) 



149 
weeks 



0 mg/kg/day 5/100 



0.014 mg/kg/day 8/99 0.326 0.326 



0.13 mg/kg/day 3/99 3.026 3.026 



1.3 mg/kg/day 0/49 30.2 30.2 



Wistar rats 
(F) 



0 mg/kg/day 41/98 



0.014 mg/kg/day 21/100 0.318 0.318 



0.13 mg/kg/day 28/96 2.96 2.96 



1.3 mg/kg/day 21/48 29.5 29.5 



aMammary gland carcinoma. 
bNephroblastoma. 
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Table B-9. Human inhalation risk estimates based on the incidence of 
hepatocellular carcinoma or nephroblastoma in oral and inhalation animal assays 
and various dose metrics 



95% UCL of risk × 10-3/ppma,b P Fit 



Hepatocellular carcinoma: 



Feron et al. (1981) - Diet 
Male rats 
Female rats 



1.2 
6.9 



0.45 
0.1 



Good 
Poor 



Til et al. (1983) - Diet 
Male rats 
Female rats 



3.2 
3.8 



0.7 
0.6 



Good 
Good 



Nephroblastoma: 



Maltoni et al. (1981, 1984) 
BT1-Inhalation 
Male mouse 
Female mouse 



2.1 
2.8 



0.7 
0.2 



Good 
OK 



Maltoni et al. (1981, 1984) 
BT2-Inhalation 
Male rats 
Female rats 



5.8 
2.6 



0.1 
0.8 



OK 
Good 



Maltoni et al. (1981, 1984) 
BT3-Inhalation (17 wks) 
Male rats 
Female rats 



0.38 
0.64 



0.01 
0.02 



Reject 
Reject 



aRisk estimates were calculated using the 1-hit version of the LMS model and based on the dose-metric “RISK.” 
bTo convert to a unit risk estimate (:g/m3) divide by 2,600. 
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Table B-10. Human inhalation risk estimates based on total mammary tumor 
incidence in oral and inhalation animal assays and various dose metrics 



95% UCL of risk × 10-3/ppma,b 



P FitRISK 



Lee et al. (1977, 1978) 
Female mice 1.4 × 10-3 0.0003 Reject 



Maltoni et al. (1981, 1984) 
BT2-Inhalation 
Male rats 
Female rats 



1.4 × 10-3 



8.2 × 10-3 
0.3 
0.1 



OK 
Poor 



Maltoni et al. (1981, 1984) 
BT4-Inhalation 
Female mice 5.2 × 10-3 0.002 Reject 



Maltoni et al. (1981, 1984) 
BT3-Inhalation (17 weeks) 
Female rats 1.6 × 10-3 0.01 Reject 



Maltoni et al. (1981, 1984) 
BT15-Inhalation 
Male rats 
Female rats 



3.0 × 10-2 



4.4 × 10-1 
0.7 



10-11 
Good 
Reject 



Til et al. (1983) - Diet 
Female rats 1.3 × 10-2 0.005 Reject 



aRisks were calculated using the 1-hit version of the LMS model and based upon the dose metric “RISK.”. 
bTo convert to a unit risk estimate (:g/m3) divide by 2,600. 
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Table B-11. Normalized parameter sensitivity in the vinyl chloride PBPK model 



Rat inhalation 
(50 ppm - 4 hr) 



Human inhalation 
(1 ppm - continuous) 



Human drinking water 
(1 ppm) 



Dose metric RISK AMET RISK AMET RISK 



Parameter 



BW -0.25 -0.25 -0.25 -0.25 —a 



QPC 0.30 0.30 0.20 0.20 — 



QCC 0.58 0.58 0.74 0.74 -0.06 



QFC — — — — — 



QLC 0.58 0.58 0.74 0.74 -0.06 



VFC — — — — — 



VLC -0.99 — -0.99 — -0.99 



PB 0.67 0.67 0.79 0.79 — 



PF — — — — — 



PS — — — — — 



PR — — — — — 



PL — — — — — 



VMAX1C 0.09 0.09 0.07 0.07 0.07 



KM1 -0.09 0.09 -0.07 -0.07 -0.07 



VMAX2C — — — — — 



KM2 — — — — — 



KA — — — — — 



KCO2C — — — — — 



KGSMC — — — — — 



KFEEC — — — — — 



GSO — — — — — 



KBC — — — — — 



KS — — — — — 



KOC — — — — — 



aSensitivity coefficient < 0.01 in absolute value. 



predictions based on RISK: the body weight (BW), alveolar ventilation (QPC), cardiac output 
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(QCC), liver blood flow (QLC) and volume (VLC), blood/air partition coefficient (PB), the 
capacity (VMAX1C) and affinity (KM1) for metabolism by CYP2E1, and in the case of oral 
gavage, the oral uptake rate (KA). As discussed in the description of the PBPK model, all of 
these parameters could be reasonably well characterized from experimental data. However, the 
sensitivity of the risk predictions to the human values of these parameters implies that the risk 
from exposure to VC could vary considerably from individual to individual, depending on 
specific physiology, level of activity, and metabolic capability. 



The other dose metrics, RISKM and RISKG (data not shown), are also sensitive to a 
number of the parameters in the model for the subsequent metabolism of the reactive 
metabolites, as well as for the GSH submodel. Since these parameters could only be identified 
from data in rats, their values in other species are uncertain. Given the sensitivity of RISKM and 
RISKG to these less certain parameters, and the general similarity of risks based on these two 
metrics to those based on the RISK metric, the RISK metric would seem to be preferable for 
quantitative risk assessment. Risk estimates reported in the main body of this document were 
calculated using the RISK metric. 



B.6.1. Monte Carlo Uncertainty/Variability Analysis 



The sensitivity analysis described above does not consider the potential interactions 
between parameters; the parameters are tested individually. Also, sensitivity analysis does not 
adequately reflect the uncertainty associated with each parameter. The fact that the output is 
highly sensitive to a particular parameter is not important if the parameter is known exactly. To 
estimate the combined impact of the uncertainty around the values of all the parameters, a Monte 
Carlo analysis can be performed. In a Monte Carlo analysis, the distributions of possible values 
for each of the input parameters are estimated. The Monte Carlo algorithm then randomly 
selects a value for each parameter from its distribution and runs the model. The random 
selection of parameter values and running of the model is repeated a large number of times 
(typically hundreds to thousands) until the distribution of the output has been characterized. 



To assess the impact of parameter uncertainty on risk predictions, a dose-response model 
must be selected. In this case the one-hit version of the linearized multistage model was used, 
for the reasons discussed earlier. The actual analysis was performed with the software package 
PBPK_SIM (KS Crump Group, ICF Kaiser International, Ruston, LA), which was developed for 
the Air Force specifically to perform such a Monte Carlo analysis on PBPK models. The 
PBPK_SIM program randomly selects a set of parameter values from the distributions for the 
bioassay animal and runs the PBPK model to obtain dose metric values for each of the bioassay 
dose groups. It then selects a set of parameter values from the distributions for the human and 
runs the PBPK model to obtain a dose metric value for a specified human exposure scenario. 
Finally, it runs the linearized multistage model (or other specified risk model) with the animal 
and human dose metric values to obtain the human risk estimate. This entire process is repeated 
a specified number of times until the desired distribution of risks has been obtained. 
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Tables B-3 and B-4 list the means (preferred values) and coefficients of variation (CV) 
used in a Monte Carlo uncertainty analysis of the TCE/TCA model. Truncated normal 
distributions were used for all parameters except the kinetic parameters, which were assumed to 
be lognormally distributed. The CVs for the physiological parameters were estimated from data 
on the variability of published values (U.S. EPA, 1988; Stan Lindstedt, 1992, personal 
communication), while the CVs for the partition coefficients were based on repeated 
determinations for two other chemicals, perchloroethylene (Gearhart et al., 1993) and 
chloropentafluorobenzene (Clewell and Jarnot, 1994). The CVs for the metabolic and kinetic 
constants were estimated from a comparison of reported values in the literature and by 
exercising the model against the various data sets to determine the identifiability of the 
parameters which were estimated from pharmacokinetic data. The KM1 value for humans of 1.0 
(vice 0.1) was used in this analysis. 



The results of the Monte Carlo analysis are shown in Table B-12, which lists the 
estimated risks associated with lifetime exposure to 1 ppm VC in air or 1 mg/L VC in drinking 
water.  In all cases, the risk estimates represent the 95% UCL for risk, based on the 1-hit version 
of the LMS model. However, in order to characterize the impact of uncertainty in the 
pharmacokinetic parameters on the risk estimates, both the mean and the upper 95th percentile of 
the distribution of UCL risk estimates are shown. Thus, the mean value represents the best 
estimate of the pharmacokinetically based upper-bound risk for VC exposure, and the 95th 
percentile provides a reasonable value for the “highest probable” pharmacokinetic risk estimate, 
considering both pharmacokinetic uncertainty and uncertainty regarding the low-dose 
extrapolation. The small differences between the best estimates from the Monte Carlo analysis 
listed in Table B-12 and those listed in columns 3 and 7 result from the way in which they were 
calculated. While the values in columns 3 and 7 are the risk estimates using the mean values for 
the parameters, the other values are the mean risk estimates based on the distribution of risk 
estimates estimates calculated in the Monte Carlo analysis. As can be seen, even the “highest 
probable” pharmacokinetic risk estimates were only modestly greater than those using mean 
values, giving added confidence to the assessments.  As discussed in the Toxicological Review, 
these values have been derived using only liver angiosarcomas in order to compare with results 
of other modeling approaches, and do not account for hepatocelluar carcinoma or neoplastic 
nodule incidence. 



B.7. DISCUSSION 



Although VC has often been cited as a chemical for which saturable metabolism should 
be considered in the risk assessment, saturation is relevant only at very high exposure levels 
(greater than 250 ppm by inhalation or 25 mg/kg/day orally) compared to the lowest tumorigenic 
levels, and thus has little impact on the quantitative risk estimates. The important contribution 
of pharmacokinetic modeling is to provide a more biologically plausible estimate of the effective 
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Table B-12. Comparison of human inhalation and oral risk estimates for liver angiosarcoma resulting from a Monte 
Carlo analysis, based on a pharmacokinetic dose metrica and using a human km value of 1.0 



1ppm 
Inhalation 



1 ppm inhalation 
Mont Carlo analysis 



1 mg/L 
drinking 



water 



1 mg/L drinking water 
Monte Carlo analysis 



Animal 
route 



Sex/species UCLb Mean/ 
UCL 



P 95th/U 
CL 



UCLb Mean/ 
UCL 



P 95th/ 
UCL 



Inhalation Male mouse 1.52 1.89 0.002 3.38 0.51 0.67 0.002 1.18 



Female 
mouse 



3.27 3.89 0.25 6.95 1.10 1.39 0.25 2.33 



Inhalation Male rat 5.17 6.80 0.20 14.31 1.72 2.45 0.20 5.60 



Female rat 2.24 1.90 0.44 3.81 0.75 0.67 0.44 1.37 



Oil gavage Male rat 8.68 9.45 0.57 17.22 2.90 3.36 0.57 5.72 



Female rat 15,70 16.35 0.11 29.73 5.23 5.83 0.11 10.54 



Diet Male rat 3.05 3.26 0.05 5.26 1.02 1.14 0.05 1.64 



Female rat 1.10 1.15 0.43 1.87 0.37 0.41 0.43 0.60 
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aDose metric = lifetime-average total amount metabolized per day, divided by the volume of liver. 
bBased on the incidence of angiosarcoma in the corresponding oral and inhalation animal bioassays. 











dose: total production of reactive metabolites at the target tissue. The ratio of this biologically

effective dose to the administered dose is not uniform across routes and species. Therefore, any

estimate of administered dose is less adequate for performing route-to-route and interspecies

extrapolation of risk. The inhalation risk estimates obtained for VC using the pharmacokinetic

dose metric are considerably lower than those obtained with conventional 

external dose calculations, and appear to be more consistent with human epidemiological data. 




In the pharmacokinetic risk calculations presented in this report, no body weight scaling 
adjustment factor was applied to obtain the human risks. Although this may appear to represent 
a departure from previous EPA practice in a risk assessment for VC, this marks the first time a 
pharmacokinetic dose metric has been used. The dose metric was selected to be consistent with 
the position stated in the interagency pharmacokinetics group consensus report on cross-species 
extrapolation of cancer (U.S. EPA, 1992) that “...tissues experiencing equal average 
concentrations of the carcinogenic moiety over a full lifetime should be presumed to have equal 
lifetime cancer risk.” As discussed above, this adjustment does not address any pharmaco
dynamic differences that may exist between rodents and humans. For VC, sufficient information 
exists to support the position that rats are at least as sensitive, if not more so, than are humans to 
the carcinogenic effects of UCL. 



The risk assessment performed in this study has focused on cancer risk from a continuous 
lifetime exposure, or at least an exposure over a large fraction of lifetime. Although there are 
certainly many uncertainties and unresolved issues regarding cross-species extrapolation of 
lifetime risks, there are even greater uncertainties regarding the extrapolation of partial-lifetime 
exposures. In particular, studies performed with VC make it evident that extrapolation of partial 
lifetime exposure is not straightforward with this chemical. For example, in the comparative 
studies of partial lifetime exposure of rats to VC discussed earlier (Drew et al., 1983), whereas 
exposure from 0 to 6 months resulted in a similar tumor incidence to exposure from 6 to 12 
months of life, exposure from 0 to 12 months produced a significantly different incidence than 
would be expected from the sum of the incidences for the two subintervals. For angiosarcomas, 
on the one hand, exposure to VC from 0 to 6 months and from 6 to 12 months resulted in 
incidences of 5.3% and 3.8%, respectively, while exposure from 0 to 12 months resulted in a 
much higher incidence of 21.4%. For hepatocellular carcinomas, on the other hand, exposure to 
VC from 0 to 6 months and from 6 to 12 months resulted in incidences of 4.0% and 11.5%, 
respectively, while exposure from 0 to 12 months resulted in an incidence of only 7.1%. Thus 
this comparative bioassay does not provide support for a simple relationship of the observed 
incidence to the fraction of lifetime of the exposure.  As discussed earlier, it seems reasonable to 
assume that newborns, with their higher rate of cell proliferation, should be at greater risk from 
genotoxic carcinogens, and some studies with VC support this assumption (Maltoni et al., 1981; 
Laib et al., 1989; Fedtke et al., 1990), although other well-conducted studies with VC do not 
(Drew et al., 1983). The issue of sensitive populations has never been seriously dealt with in 
quantitative carcinogenic risk assessment, but it would seem to be an appropriate consideration 
during risk management for specific potential exposures. 



B-50












B.8. REFERENCES 



Andersen, M; Clewell, H; Gargas, M; et al. (1987a) Physiologically based pharmacokinetics and the risk 
assessment process for methylene chloride. Toxicol Appl Pharmacol 87:185-205. 



Andersen, ME; Gargas, ML; Clewell, HJ; et al. (1987b) Quantitative evaluation of the metabolic interactions 
between trichloroethylene and l,l-dichloroethylene by gas uptake methods. Toxicol Appl Pharmacol 89:149-157. 



Baretta, ED; Stewart, RD; Mutchler, JE. (1969) Monitoring exposures to vinyl chloride vapor: breath analysis and 
continuous air sampling.  Am Ind Hyg Assoc J 30:537-544. 



Barton, HA; Creech, JA; Godin, CS; et al. (1995) Chloroethylene mixtures: pharmacokinetic modeling and in vitro 
metabolism of vinyl chloride, trichloroethylene, and trans-1,2-dichloroethylene in the rat. Toxicol Appl Pharmacol 
130(2):237-247. 



Bolt, HM; Laib, RJ; Kappus, H; et al. (1977) Pharmacokinetics of vinyl chloride in the rat.  Toxicology 7:179-188. 



Buchter, A; Bolt, HM; Filser, JG; et al. (1978) Pharmakokinetic und karzinogenese von vinylchlorid. 
Arbeitsmedizinische Risikobeurteilung.  Verhandlungen der Deutchen Gesellschaft fuer Arbeitsmedizin, Vol. 18, 
Gentner Verlag, Stuttgart, pp. 111-124. 



Buchter, A; Filser, JG; Peter, H; et al. (1980) Pharmacokinetics of vinyl chloride in the Rhesus monkey.  Toxicol 
Lett 6:33-36. 



Bull, RJ; Brown, JM; Meierhenry, EA; et al. (1986) Enhancement of the hepatotoxicity of chloroform in B6C3F1 
mice by corn oil: implications for chloroform carcinogenesis. Environ Health Perspect 69:49-58. 



Chen, CW; Blancato, JN. (1989) Incorporation of biological information in cancer risk assessment:  Example -
vinyl chloride. Cell Biol Toxicol 5:417-444. 



Clement Associates. (1987) Investigation of cancer risk assessment methods. Final report.  Vol. 1: Introduction 
and Epidemiology. Prepared for the U.S. Environmental Protection Agency, the Department of Defense, and the 
Electric Power Research Institute. 



Clement International. (1990) Development and validation of methods for applying pharmacokinetic data in risk 
assessment.  Final Report.  Volume V: Vinyl Chloride. AAMRL-TR-90-072. Prepared for the Department of the 
Air Force, Armstrong Aerospace Medical Research Laboratory, Wright-Patterson Air Force Base, Ohio. 



Clewell, HJ; Jarnot, BM. (1994) Incorporation of pharmacokinetics in non-carcinogenic risk assessment: example 
with chloropentafluorobenzene. Risk Anal 14:265-276. 



Clewell, HJ; Gentry, PR; Gearhart, JM; et al. (1995a) The development and validation of a physiologically based 
pharmacokinetic model for vinyl chloride and its application in a carcinogenic risk assessment for vinyl chloride. 
ICF Kaiser report prepared for EPA/OHEA and OSHA/DHSP. 



DeAngelo, AB; Daniel, FB; McMillan, L; et al. (1989) Species and strain sensitivity to the induction of peroxisome 
proliferation by chloroacetic acids. Toxicol Appl Pharmacol 101:285-298. 



Drew, RT; Boorman, GA; Haseman, JK; et al. (1983) The effect of age and exposure duration on cancer induction 
by a known carcinogen in rats, mice, and hamsters. Toxicol Appl Pharmacol 68:120-130. 



D’Souza, RW; Andersen, ME. (1988) Physiologically based pharmacokinetic model for vinylidene chloride. 
Toxicol Appl Pharmacol 95:230-240. 



B-51












Fedtke, N; Boucheron, JA; Walker, VE; et al. (1990) Vinyl chloride-induced DNA adducts.  II:  Formation and 
persistence of 7-(2'-oxoethyl)guanine and N2,3-ethenoguanine in rat tissue DNA. Carcinogenesis 11:1287-1292. 



Feron VJ; Kruysse A; Til HP. (1979a) One-year time sequence inhalation toxicity study of vinyl chloride in rats. I. 
Growth, mortality, haematology, clinical chemistry, and organ weights. Toxicology 13(1):25-28. 



Feron VJ; Spit BJ; Immel HR; et al. (1979b) One-year time-sequence inhalation toxicity study of vinyl chloride in 
rats. III. Morphological changes in the liver. Toxicology 13(2):143-154. 



Feron, VJ; Hendriksen, CFM; Speek, AJ; et al. (1981) Lifespan oral toxicity study of vinyl chloride in rats. Food 
Cosmetol Toxicol 19:317-333. 



Fox, AJ; Collier, PF. (1977) Mortality experience of workers exposure to vinyl chloride monomer in the 
manufacture of polyvinyl chloride in Great Britain. Br J Ind Med 34:1-10. 



Gargas, ML; Burgess, RJ; Voisard, DE; et al. (1989) Partition coefficients oflow-molecular-weight volatile 
chemicals in various liquids and tissues. Toxicol Appl Pharmacol 98:87-99. 



Gargas, ML; Clewell, HJ, III; Andersen, ME. (1990) Gas uptake techniques and the rates of metabolism of 
chloromethanes, chloroethanes, and chloroethylenes in the rat.  Inhal Toxicol 2:295-319. 



Gearhart, JM; Mahle, DA; Greene, RJ; et al. (1993) Variability of physiologically based pharmacokinetic (PBPK) 
model parameters and their effect on PBPK model predictions in a risk assessment for perchloroethylene (PCE). 
Toxicol Lett 68:131-144. 



Gehring, PJ; Watanabe, PG; Park, CN. (1978) Resolution of dose-response toxicity data for chemicals requiring 
metabolic activation: example -- vinyl chloride. Toxicol Appl Pharmacol 44:581-591. 



Groth, DH; Coate, WB; Thornburg, LP. (1981) Effects of aging on the induction of angiosarcoma. Environ Health 
Perspect 41:53-57. 



Guengerich, FP; Mason, PS; Stott, WT; et al. (1981) Roles of 2-haloethylene oxides and 2-haloacetaldehydes 
derived from vinyl bromide and vinyl chloride in irreversible binding to protein and DNA. Cancer Res 41:4391-
4398. 



Hong CB; Winston JM; Thornburg LP et al. (1981) Follow-up study on the carcinogenicity of vinyl chloride and 
vinyllidene chloride in rats and mice: tumor incidence and mortality subsequent to exposure. J Toxicol Environ 
Health 7(6):909-924. 



Jedrychowski, RA; Sokal, JA; Chmielnicka, J. (1985) Comparison of the impact of continuous and intermittent 
exposure to vinyl chloride, including phenobarbital effects.  J Hyg Epidemiol Microbiol Immunol 28:111-120. 



Jones, RW; Smith, DM; Thomas, PG. (1988) A mortality study of vinyl chloride monomer workers employed in the 
United Kingdom in 1940–1974. Scand J Work Environ Health 14:153-160. 



Kedderis, GL; Carfagna, MA; Held, SD; et al. (1993) Kinetic analysis of furan biotransformation by F-344 rats in 
vivo and in vitro. Toxicol Appl Pharmacol 123:274-282. 



Laib, RJ; Bolt, HM. (1980) Trans-membrane alkylation: a new method for studying irreversible binding of reactive 
metabolites to nucleic acids. Biochem Pharmacol 29:449-452. 



Laib, RJ; Bolt, HM; Cartier, R; et al. (1989) Increased alkylation of liver DNA and cell turnover in young versus 
old rats exposed to vinyl chloride correlates with cancer susceptibility. Toxicol Lett 45:231-239. 



B-52












Lee, CC; Bhandari JC; Winston JM. (1977) Inhalation toxicity of vinyl chloride and vinyl chloride. Environ Health 
Perspect 21:25-32. 



Lindstedt, S. (1992) Personal communication -- Draft report to the ILSI RSI Physiological Parameters Working 
Group. 



Maltoni, C; Lefemine, G; Ciliberti, A; et al. (1981) Carcinogenicity bioassay of vinyl chloride monomer: a model of 
risk assessment on an experimental basis.  Environ Health Perspect 41:3-29. 



Newberne, PM; Weigert, J; Kula, N. (1979) Effects of dietary fat on hepatic mixed function oxidases and 
hepatocellular carcinoma induced by aflatoxin B1 in rats. Cancer Res 39:3986-3991. 



Ottenwalder, H; Bolt, HM. (1980) Metabolic activation of vinyl chloride and vinyl bromide by isolated hepatocytes 
and hepatic sinusoidal cells. J Environ Pathol Toxicol 4:411-417. 



Radike MJ; Stemmer KL; Bingham E. (1981) Effect of ethanol on vinyl chloride carcinogenesis.  Environ Health 
Perspect 41:59-62. 



Reitz, RH; Mendrala, AL; Guengerich, FP. (1989) In vitro metabolism of methylene chloride in human and animal 
tissues: use in physiologically-based pharmacokinetic models. Toxicol Appl Pharmacol 97:230-246. 



Reitz, RH; Gargas, ML; Anderson, ME; et al. (1996) Predicting cancer risk from vinyl chloride exposure with a 
physiologically based pharmacokinetic model.  Toxicol Appl Pharmacol 136:1-16. 



Sabadie, N; Malaveille, C; Carmus, A-M; et al. (1980) Comparison of the hydroxylation of benzo(a)pyrene with the 
metabolism of vinyl chloride, N-nitrosomorpholine, and N-nitroso-'N'-methylpiperazine to mutagens by human and 
rat liver microsomal fractions. Cancer Res 40(1):119-126. 



Simonato, L; L’Abbe, KA; Andersen, A; et al. (1991) A collaborative study of cancer incidence and mortality 
among vinyl chloride workers.  Scand J Work Environ Health 17:159-169. 



U.S. EPA. (1987) Update to the health assessment document and addendum for dichloromethane (methylene 
chloride): pharmacokinetics, mechanism of action, and epidemiology. External Review Draft. EPA/600/8-87/030A. 



U.S. EPA. (1988) Reference physiological parameters in pharmacokinetic modeling.  EPA/600/6-88/004. Office of 
Health and Environmental Assessment, Washington, DC. 



U.S. EPA. (1992) Request for comments on draft report of cross-species scaling factor for cancer risk assessment. 
Fed. Reg. 57:24152. 



Watanabe, PG; Hefner, RE, Jr.; Gehring, PJ. (1976a) Vinyl chloride-induced depression of hepatic non-protein 
sulfhydryl content and effects on bromosulphthalein (BSP) clearance in rats. Toxicology 6:1-8. 



Watanabe, PG; Gehring, PJ. (1976b) Dose-dependent fate of vinyl chloride and its possible relationship to 
oncogenicity in rats. Environ Health Perspect 17:145-152. 



B-53












APPENDIX C. VINYL CHLORIDE PBPK MODEL CODE 
(ACSL VERSION: VCPBPK.CSL) 



PROGRAM VCPBPK.CSL – Vinyl Chloride Risk Assessment Model 



INITIAL 



CAT - BODY WEIGHT 
CONSTANT BW - 70 Body Weight (kg) 



ENDCAT 



CAT - SPECIAL FLOW RATES 
CONSTANT QPC - 24 Unscaled Alveolar Vent 
CONSTANT QCC - 16.5 Unscaled Cardiac Output 



CAT - FRACTIONAL BLOOD FLOWS TO TISSUES 
CONSTANT QLC - 0.24 Flow to Liver as % Cardiac Output 
CONSTANT QFC - 0.05 Flow to Fat as % Cardiac Output 
CONSTANT QSC - 0.19 Flow to Slow as % Cardiac Output 
CONSTANT QRC - 0.52 Flow to Rapid as % Cardiac Output 



ENDCAT 



CAT - FRACTIONAL VOLUMES OF TISSUES 
CONSTANT VLC - 0.04 Volume Liver as % Body Weight 
CONSTANT VFC - 0.19 Volume Fat as % Body Weight 
CONSTANT VRC - 0.05 Volume Rapid Perfused as % Body Weight 
CONSTANT VSC - 0.63 Volume Slow Perfused as % Body Weight 



ENDCAT 



CAT - PARTITION COEFFICIENTS - GARGAS ET AL. (1989) 
CONSTANT PL - 0.95 Liver/Blood Partition Coefficient 
CONSTANT PF - 11.9 Fat/Blood Partition Coefficient 
CONSTANT PS - 1.25 Slow/Blood Partition Coefficient 
CONSTANT PR - 0.95 Rapid/Blood Partition Coefficient 
CONSTANT PB - 1.68 Blood/Air Partition Coefficient 



ENDCAT 



CAT - KINETIC CONSTANTS 
CONSTANT MW - 62.5 Molecular weight (g/mol) 
CONSTANT KA - 3.0 Oral uptake rate (/hr) 
CONSTANT VMAX1C - 4.0 Scaled Vmax for 1st Saturated Pathway 
CONSTANT KM1 - 0.1 Km for 1st Saturated Pathway 
CONSTANT VMAX2C - 0.0 Scaled Vmax for 2nd Saturated Pathway 
CONSTANT KM2 - 10.0 Km for 2nd Saturated Pathway 



ENDCAT 
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CAT - DOSING INFORMATION 
CONSTANT PDOSE - 0.1 
CONSTANT DRINK - 0.0 
CONSTANT CONC - 100.0 
CONSTANT TCHNG - 6.0 



ENDCAT 



CAT - GSH PARAMETERS GROUP1 
CONSTANT KGSMC - 0.13 
CONSTANT KFEEC - 35.0 
CONSTANT KCO2C - 1.6 



ENDCAT 



CAT - GSH PARAMETERS GROUP 2 
CONSTANT KOC - 28.5 
CONSTANT KBC - 0.12 
CONSTANT KS - 2000.0 
CONSTANT GSO - 5800.0 
CONSTANT H2O - 55.0 



ENDCAT 



Oral dose (mg/kg)

Dose (mg/kg/day) in H2O

Inhaled concentration (ppm)




Conjugated rate constant with metabolite

Conjugated rate constant with non-GSH

First-order CEO breakdown to CO2




Zero-order production of GSH

First-order rate constant for GSH breakdown

Constant controlling resynthesis

Initial GSH concentration

Moles of H2O




CAT - SIMULATION LENGTH CONTROL

CONSTANT TSTOP - 24.0 
CONSTANT POINTS - 1.0 
CONSTANT  H - 10000.0 



ENDCAT 



Set initial values 



IF (PDOSE.EQ.0.0) KA - 0.0 



Scaled parameters 



CINT - TSTOP / POINTS 
NSTP - CINT*H + 1 



QC - QCC*BW**0.75 
QP - QPC*BW**0.75 
QL - QLC*QC 
QF - QFC*QC 
QS - QSC*QC 
QR - QRC*QC 
QC - QL + QF + QS + QR 
VL - VLC*BW 
VF - VFC*BW 
VS - VSC*BW 



Parenteral dosing




Cardiac output

Alveolar ventilation

Liver blood flow

Fat blood flow

Slowly perfused tissue blood flow

Richly perfused tissue blood flow




Liver volume

Fat tissue volume

Slowly perfused tissue volume
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 VR - VRC*BW Richly perfused tissue volume 
GSO - VLC*BW*GSO Initial amount of GSH 



KGSM - KGSMC/BW**0.25 Reaction with GSH 
KFEE - KFEEC/BW**0.25 Reaction with other tissues 



KO - KOC*BW**0.75 Zero-order GSH production 
KB - KBC/BW**0.25 Normal GSH turnover 



KCO2 - KCO2C/BW**0.25 Production of CO2 
VMAX1 - VMAX1C*BW**0.75 Maximum rate of metabolism 
VMAX2 - VMAX2C*BW**0.75 Maximum rate of metabolism 



VMAX1M - VMAX1C*BW**0.75*1000.0/MW 
VMAX2M - VMAX2C*BW**0.75*1000.0/MW 



DOSE - PDOSE*BW 
KZER - DRINK/24.0 * BW 



CIX - CONC*MW/24450.0 



WADDF - 5.0/7.0 
IF (BW.LT.0.1) THEN 



LADDF - WADDF* (30.0/104.0) Mice 
ELSE IF (BW.GT.1.0) THEN 



LADDF - 1.0 Humans 
ELSE IF (DRINK.GT.0.0)THEN 



LADDF - 1.0 Drinking Water 
ELSE IF (CONC.GT.30.0) THEN 



LADDF - WADDF*(52.0/147.0) Hi 
ELSE IF (CONC.GT.0.0) THEN 



LADDF - WADDF*(52.0/135.0) Low 
ELSE 



LADDF - WADDF*(52.0/136.0) Gavage 
ENDIF 
END END OF INITIAL 



DYNAMIC 
ALGORITHM IALG - 2 



DERIVATIVE 



Concentration in Arterial Blood (mg/L) 
(Algebraic Solution for CA after gas exchange) 



CI - CIX* (1.0 - STEP/TCHNG) 
CA - (QC*CV + QP*CI)/(QC + QP/PB) 



AUCB - INTEG (CA.0.0) 



Amount Exhaled (mg) 
CX - CA/PB 



CALPPM - CX*24450.0/MW 
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 CXPPM - (0.7*CX + 0.3*CI)*24450.0/MW 
RAX - QP*CX 



AX - INTEG (RAX.0.0) 



Amount in Liver Compartment (mg) 
RAL - QL*(CA-CVL) - RAM + RAO + KZER 



AL - INTEG (RAL.0.0) 
CVL - AL/(VL*PL) 



CL - AL/VL 
AUCL - INTEG (CL, 0.0) 



Amounts Metabolized in Liver 
RAM - VMAX1*CVL/(KM1 + CVL) + VMAX2*CVL/(KM2 + CVL) 



AM - INTEG (RAM,0.0) 
RISK - AM/VL 



RISKT - LADDF*RISK 
AMP - AM*1000./MW 



RAMP - RAM*1000.0/MW 



Amount in Slowly Perfused Tissues (mg) 
RAS - QS* (CA - CVS) 



AS - INTEC (..AS,0.0) 
CVS - AS/(.....*PS) 



CS - AS/VS 



Amount in Rapidly Perfused Tissues (mg) 
RAR - QR*(CA - CVR) 



AR - INTEG (RAR,0.0) 
CVR - AR/(VR*PR) 



CR - AR/VR 



Mixed Venous Blood Concentration (mg/L) 
CV - (QF*CVF + QL*CVL + QS*CVS + QR*CVR)/QC 



Amount in Fat Compartment (mg) 
RAF - QF* (CA - CVF) 



AF - INTEG (RAF,0.0) 
CVF - AF/(VF*PF) 



CF - AF/VF 



Total Mass Input from Stomach (mg) 
RAO - KA*MR 
AO - DOSE-MR 



Amount Remaining in Stomach (mg) 
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 RMR - KA*MR 
MR - DOSE*EXP(-KA*T) 



Amount of Oxidative Metabolite (uMoles) 
RAMM - (VMAX1M*CVL)/(KM1+CVL) + (VMAX2M*CVL)/(KM2 + CVL) -



RACMG - RACMEE - RACO2 
AMM - INTEG (RAMM,0.0) 
CMM - AMM/VL 



Glutathione (uMoles) 
RAMGSH - KO*(KS+GSO)/(KS+GSH)-KB*GSH*VL-RACMG 
AMGSH - INTEG (RAMGSH,GSO) 



GSH - AMGSH/VL 
GSHP - (AMGSH/GSO)*100 



Amount Metabolite Conjugated With GSH (uMoles) 
RACMG - KGSM*GSH*CMM*VL 
ACMG - INTEG (RACMG,0.0) 
RISKG - ACMG/VL 
RISKR - LADDF*RISKG 



Amount Metabolite Conjugated With Other Things (uMoles) 
RACMEE - KFEE*CMM*VL 
ACMEE - INTEG (RACMEE,0.0) 
RISKM - ACMEE/VL 



RISKN - LADDF*RISKM 



Amount of CO2 (uMoles) 
RAC02 - KCO2*CMM*H2O*VL 



AC02 - INTEG (RACO2,0.) 



Total Intake of Vinyl Chloride (mg) 
AMET - AM/BW 



TERMT (T.GE.TSTOP) 



END END OF DERIVATIVE 
END END OF DYNAMIC 
END END OF PROGRAM 
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APPENDIX D. THE APPLICATION OF A PBPK MODEL FOR VINYL CHLORIDE 
IN A NONCANCER RISK ASSESSMENT 



This appendix discusses the application of the PBPK model described in Appendix A for 
noncancer risk assessment. A comparison for calculation of human equivalent concentrations 
(HECs) is made between the agency default strategy (U.S. EPA, 1994) and the dose metrics 
“RISK” and “AMET” calculated from the PBPK model. Applications of the PBPK model using 
both the NOAEL/LOAEL approach and the benchmark concentration/dose (BMC/D) modeling 
approach also are described, and the results of benchmark modeling for several endpoints 
considered. 



D.1. SELECTION OF A NONCANCER RISK ASSESSMENT APPROACH 



As discussed in Section 4.4 of the main document, evidence is strong that the 
carcinogenicity and liver toxicity of VC are related to the production of reactive metabolic 
intermediates. The most appropriate pharmacokinetic dose metric for a reactive metabolite is the 
total amount of the metabolite generated divided by the volume of the tissue in which it is 
produced (Andersen et al., 1987). It has been demonstrated in the case of VC that binding to 
liver macromolecules following inhalation exposure of rats correlates well with total metabolism 
rather than exposure concentration (Watanabe et al., 1978). Therefore, the most reasonable dose 
metric for liver toxicity would be the total amount of metabolism divided by the volume of the 
liver. This dose metric, referred to in the PBPK model as “RISK,” will be used for evaluating 
the dose response for increased liver/body weight ratio and liver nonneoplastic effects. 



In the case of toxicity to the testes, as observed by Bi et al. (1985) and Sokal et al. 
(1980), the most appropriate dose metric is less certain. However, toxicity from locally 
generated reactive metabolites is a reasonable mechanism for an organ for which there is 
evidence of P450 activity, such as the testes. The most appropriate dose metric in this case, 
analogous to the case of the liver, would be the total amount of metabolism in the testes divided 
by the volume of the testes. Unfortunately, there is not adequate information on P450 activity 
for VC in the testes to support this approach; therefore a surrogate must be used. If it is assumed 
(1) that P450 metabolism in the testes and P450 metabolism in the liver scale across species in 
the same way (that is, the proportion of metabolism between the testes and liver is constant) and 
(2) that the relative proportion of body weight associated with the testes is the same across 
species, then the total amount of metabolism divided by body weight can be used as the 
surrogate dose metric for testicular toxicity and is designated as “AMET” in this assessment. 
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D.2. COMPARISON OF NONCANCER RISK ASSESSMENTS FOR VC 



The Clewell model was used to calculate the pharmacokinetic dose metrics for the most 
informative of the animal studies (Bi et al., 1985; Sokal et al., 1980; Wisniewska-Knypl et al., 
1980; Torkelson et al., 1961; Feron et al., 1981; Til et al., 1983, 1991). Because the model 
calculates delivered dose at the target tissue, an oral study (Til et al., 1983, 1991) could be 
modeled and converted to exposure concentrations without the need for additional route-to-route 
extrapolation. Because a high-quality chronic oral study, but no chronic inhalation study, was 
available, no attempt was made to conduct a route-to-route extrapolation for oral exposure. The 
studies and calculated dose metrics for the endpoints of interest are shown in Table D-1. 



D.2.1. Calculation of NOAELHEC by RfC Default Procedures; a First Approximation of a 
Human Equivalent Concentration 



In derivation of the lifetime estimate of a safe concentration, the RfC, the Agency 
employs various default strategies for interspecies extrapolation, i.e., to convert experimental 
inhaled exposures in animals to corresponding exposures in humans, termed human equivalent 
concentrations (HEC). The particular strategy employed depends both on the character of a gas 
and on its effect in biological systems (U.S. EPA, 1994). VC is a water-insoluble lipophilic gas 
whose distribution to the body is limited by the amount of blood flowing past VC-laden lungs 
into which the gas may partition (i.e., perfusion limited). Effects produced by inhaled or 
ingested VC are in the liver, i.e., VC is a systemic toxicant. The default strategy for predicting 
an HEC from a gas affecting systemic endpoints is dual-stepped. First, the experimental 
concentrations in the animal are adjusted to what they would have been if that same exposure 
had been administered in a continuous manner. For example, an exposure of 100 ppm 
administered for 6 hours/day would be adjusted to 25 ppm (100 ppm × 6/24 hrs). The number of 
days exposed in a week is also taken into account in a parallel manner. Second, a primary 
determinant of systemic concentration is considered, in this case the ratio of the blood/air 
partition coefficients (8) in the human and the animal. If the partition coefficient is larger in 
animals than in humans (which is the case for VC as shown in Table A-1; PB = 2.26 for mice, 
2.4 for rat, and only 1.16 for humans) then a factor of 1 is applied to the time-adjusted 
concentration described above to obtain the human equivalent concentration (HEC). These 
values are listed in Table D-1 under “RfC Default.” This default procedure is a reasonable first 
approximation to the expected interspecies relationship of exposures to a volatile, lipophilic 
chemical such as VC, because in an inhalation exposure, the average blood concentration of such 
a chemical during the exposure will be proportional to the air concentration multiplied by the 
blood/air partition coefficient. 



The above strategy for HEC calculation is for inhaled exposures. The current default 
approach for predicting human equivalent exposures from oral exposure to obtain the oral 
equivalent of the RfC, the RfD, is to assume equivalent doses for animals and humans on a 
mg/kg-day basis. 
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Table D-1. Modeled dose metric values RISK (mg reactive metabolites/L liver) and AMET (mg reactive 
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metabolite/BW) 
Human 



equivalent 
concentration 



Modeled daily dose 
metricsa 



Average daily dose 
metricb 



Reference Route Species Exposure 
duration 



Experimental 
concentration 



or dose 



RfC defaultc RISK AMET RISK AMET 



Modeled 
human 
exposure 



Inhalation Human Continuous 1 ppm (2.6 
mg/m3 



3.029 0.0787 



Drinking 
water 



0.0286 mg/kg
day (1ppm) 



1.010 0.02625 



Bi et al. 
(1984) 



Inhalation Wistar rats (M) 6 hr/d, 6 d/wkc 0 mg/m3 0 mg/m3 



25.6 mg/m3 5.5 mg/m3 38 1.52 32.5 1.3 



256 mg/m3 55 mg/m3 364 14.6 312 12.5 



7,670 mg/m3 1,654 mg/m3 1,260 50.4 1,080 43.2 



Sokal et al. 
(1980) 



Inhalation Wistar rats (M) 5 hr/d, 5 d/wk 
for 10 months 



0 mg/m3 0 mg/m3 



128 mg/m3 19 mg/m3 156 6.24 111 4.46 



1,280 mg/m3 190 mg/m3 779 31.2 556 22.3 



51,140 mg/m3 7,610 mg/m3 1,300 51.9 927 37.1 



Torkelson et 
al. (1961) 



Inhalation Wistar rats (M) 0.5 hrs/d, 5 d/wk 
for 6 months 



256 mg/m3 3.8 mg/m3 25 0.99 17.8 0.71 



511 mg/m3 7.6 mg/m3 43.3 1.73 30.9 1.24 



1 hr/day, 5 d/wk 
for 6 months 



128 mg/m3 3.8 mg/m3 26.2 1.05 18.7 0.75 



256 mg/m3 7.6 mg/m3 48.8 1.95 34.8 1.39 



511 mg/m3 15.2 mg/m3 83 59.3 2.37 











Table D-1. Modeled dose metric values RISK (mg reactive metabolites/L liver) and AMET (mg reactive 
metabolite/BW) (continued) 



Human 
equivalent 



concentration 
Modeled daily dose 



metricsa 
Average daily dose 



metricb 



Reference Route Species Exposure 
duration 



Experimental 
concentration 



or dose 



RfC defaultc RISK AMET RISK AMET 



Torkelson et 
al. (1961) 
continued 



2 hr/day, 5 d/wk 
for 6 months 



128 mg/m3 7.6 mg/m3 53.4 2.14 38.1 1.53 



256 mg/m3 15.2 mg/m3 101 4.03 72 2.88 



511 mg/m3 30.4 mg/m3 163 6.51 116 4.65 



Inhalation Rats (M) 7 hrs/d, 5 d/wk 
for 6 months for 
4.5 months 



128 mg/m3 26.7 mg/m3 183 7.31 131 5.22 



256 mg/m3 53.3 mg/m3 343 13.7 245 9.79 



511 mg/m3 106.5 mg/m3 550 22 393 15.7 



1,280 mg/m3 267 mg/m3 691 27.6 493 19.7 



Inhalation Rats (M) 7 hrs/d, 5 d/wk 
for 6 months for 
4.5 months 



128 mg/m3 26. 7 mg/m3 1,241 6.15 110 4.39 



256 mg/m3 53.3 mg/m3 327 13.1 234 9.35 



511 mg/m3 106.5 mg/m3 449 17.9 320 12.8 



1,280 mg/m3 267 mg/m3 524 21 375 15 
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Table D-1. Modeled dose metric values RISK (mg reactive metabolites/L liver) and AMET (mg reactive 
metabolite/BW) (continued) 



Human 
equivalent 



concentration 
Modeled daily dose 



metricsa 
Average daily dose 



metricb 



Reference Route Species Exposure 
duration 



Experimental 
concentration 



or dose 



RfC defaultc RISK AMET RISK AMET 



Wisniewska-
Knypl 



Inhalation Wistar rats (M) 5 hr/day, 5 d/wk 
for 1 month 



0 mg/m3 0 mg/m3 



128 mg/m3 19 mg/m3 144 5.75 103 4.11 



1,280 mg/m3 190 mg/m3 730 29.2 521 20.9 



51,100 mg/m3 7,604 mg/m3 1,230 49 876 35 



5 hr/d, 5 d/wk 
for 3 months 



0 mg/m3 0 mg/m3 



128 mg/m3 19 mg/m3 140 5.6 100 4 



1,280 mg/m3 190 mg/m3 690 27.6 493 19.7 



51,100 mg/m3 7,604 mg/m3 1,170 46.8 835 33.4 



5 hr/d, 5 d/wk 
for 6 months 



0 mg/m3 0 mg/m3 



128 mg/m3 19 mg/m3 135 5.4 96.4 3.86 



1,280 mg/m3 190 mg/m3 704 28.2 503 20.1 



51,100 mg/m3 7,604 mg/m3 1,150 46 821 32.9 
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Table D-1. Modeled dose metric values RISK (mg reactive metabolites/L liver) and AMET (mg reactive 
metabolite/BW) (continued) 



Human 
equivalent 



concentration 
Modeled daily dose 



metricsa 
Average daily dose 



metric 



Reference Route Species Exposure 
duration 



Experimental 
concentration 



or dose 



RfC defaultc RISK AMET RISK AMET 



5 hr/day, 5 d/wk 
for 10 months 



0 mg/m3 0 mg/m3 



128 mg/m3 19 mg/m3 130 5.21 93 3.72 



1,280 mg/m3 190 mg/m3 649 26 463 18.5 



51,100 mg/m3 7,604 mg/m3 1,130 45.3 809 32.4 



Feron et al. 
(1981) 



Diet Wistar rats (M) 135 wks  0 mg/kg-d 



1.7 mg/kg-d 39.5 1.58 39.5 1.58 



5.0 mg/kg-d 116.1 4.64 116.1 4.64 



14.1 mg/kg-d 326 13 326 13 



Wistar rats (F) 149 wks 0 mg/kg-d 



.014 mg/kg-d 0.318 0.013 0.318 0.013 



0.13 mg/kg-d 2.958 0.118 2.958 0.118 



1.3 mg/kg-d 29.6 1.19 29.6 1.19 
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a The RfC default (or first approximation) of a human equivalent concentration (HEC) was calculated by first adjustin the experimental concentration to a

continuous, 24 hr exposure and then applying the ratio of animal to human blood/air partition coefficient (8) in accordance with U.S. EPA, 1994, which is 1 in

this instance. For example, the 6 hr exposures of Bi; 25.6 mg/m3 × (6 hr/24 hr) × 6/7 days/week × 1/1 8 = 5.5 mg/m3.

b For a given exposure scenario the model calculates a daily dose metric (a concentration) to the liver in the units of mg metabolite/L liver.

c The daily does metric is converted to an average daily dose metric by expressing the daily dose metric in terms of 7 days/week. For the first daily dose metric

from Bi et al. (1984), the daily dose metric RISK of 38 is factored by 6/7 days = average daily dose of 32.5 mg metabolite /L liver.












Using the default RfD and RfC strategies described above, the candidate NOAELs and LOAELs, 
and the corresponding NOAEL[HEC] and LOAEL[HEC] values were determined and are listed 
below. Note that the same nominal NOAEL or LOAEL concentration can correspond to 
different duration-adjusted values for different inhalation studies, because of different exposure 
protocols. 



Oral Studies 
C	 Til et al. (1983, 1991) 



Increased incidence of hepatic cysts and of liver cell polymorphisms graded moderate 
and severe: 
NOAEL = 0.13 mg/kg-day; LOAEL = 1.3 mg/kg-day 



C	 Feron et al. (1981) 
Increased extensive liver necrosis: 
In females, NOAEL = 1.7 mg/kg-day; LOAEL = 5.0 mg/kg-day 
In males, NOAEL = 5.0 mg/kg-day; LOAEL = 14.1 mg/kg-day 



Inhalation Studies 
C	 Bi et al. (1985) 



Increased relative liver weight: 
NOAEL, none 
LOAEL = 25.6 mg/m3; LOAEL[HEC] = 5.5 mg/m3 



Increased testicular degeneration: 

NOAEL = 25.6 mg/m3; NOAEL[HEC] = 5.5 mg/m3




LOAEL = 256 mg/m3; LOAEL[HEC] = 55 mg/m3




C	 Sokal et al. (1980) 
Increased relative liver weight and liver lesions (nuclear polymorphism of hepatocytes, 
proliferation of reticuloendothelial cells): 
NOAEL = 128 mg/m3; NOAEL[HEC] = 19 mg/m3 



LOAEL = 1,278 mg/m3; LOAEL[HEC] = 190 mg/m3 



Increased damage of spermatogenic epithelium: 
NOAEL = 128 mg/m3; NOAEL[HEC] = 19 mg/m3 



LOAEL = 1,278 mg/m3; LOAEL[HEC] = 190 mg/m3 



C	 Torkelson et al. (1961) (6-month point) 
Increased relative liver weight: 
NOAEL = 128 mg/m3; NOAEL[HEC] = 26.6 mg/m3 



LOAEL = 256 mg/m3; LOAEL[HEC] = 53.3 mg/m3 



C	 Wisniewska-Knypl et al. (1980) (3-month point) 
Lipid accumulation: 
LOAEL = 128 mg/m3; LOAEL[HEC] = 19 mg/m3 
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The principal study for the RfD is the chronic study of Til et al. (1983, 1991) in which 
the oral animal dose of 0.13 mg/kg-day was a NOAEL with liver cysts and liver cell 
polymorphism occurring at the highest dose of the study, 1.3 mg/kg-day. The results of this 
study are clearly more sensitive than those reported by Feron et al. (1981). 



Without the PBPK modeling making route-to-route extrapolation feasible, the principal 
study for the RfC would probably be that of Bi et al. (1985), in which no NOAEL was identified 
and the lowest exposure level (10 ppm, or 25.6 mg/m3) was identified as a LOAEL for increased 
liver/body weight ratio after a 6-month exposure. Adjusting from exposure for 6 hr/day, 6 
days/wk to continuous exposure yields an adjusted LOAEL of 5.5 mg/m3. As shown in Table A-
1 of Appendix A, the measured blood/air partition coefficients (shown as PB in the table, but 
referred to in the RfC process as 8) in the rat and the human are 2.4 and 1.16, respectively. 
Because the ratio of the animal-to-human partition coefficients (2.4/1.14 = 2.1) is greater than 1, 
a default value of 1 is used in accordance with EPA guidance (U.S. EPA, 1994). Therefore, the 
resulting LOAEL[HEC] is the same as the duration-adjusted value, 5.5 mg/m3. 



D.2.2. Calculation of the NOAELHEC/D Using a PBPK (Physiologically Based 
Pharmacological Kinetic) Modeling Approach 



The default approach can be readily adapted to the use of target tissue dose using the 
PBPK model. The principal study and NOAEL/LOAEL are selected in the same way, except 
that the exposure is characterized by the target tissue dose from the PBPK model. As discussed 
in the earlier section on the selection of the noncancer risk assessment approach, liver toxicity is 
assumed to result from reactive species generated during metabolism and is modeled using the 
“RISK” dose metric, which is based on the total amount of metabolism divided by the liver 
volume (mg metabolites/L liver). For testicular effects, toxicity is assumed to result from locally 
generated reactive metabolites, and the dose metric “AMET” with units of mg/kg is used, which 
is based on the total amount of metabolism divided by body weight. To obtain an average daily 
dose metric that is equivalent to the adjusted concentration in the traditional approach, the PBPK 
model is run for 24 hours and the resulting daily dose metric is then adjusted by the number of 
days per week the exposure took place. An alternative approach for chemicals that are not as 
rapidly cleared as VC is to run the model for several weeks (simulating both exposure days and 
nonexposure days), until steady state is reached, and then divide the weekly increase in the dose 
metric by 7 to obtain the average daily value. Unlike the default approach, however, no 
adjustment is necessary for the number of hours of exposure per day, because the model 
incorporates this information into the prediction of the daily dose metric. Consideration of the 
average daily dose metric values associated with statistically significant responses indicates 
several candidate NOAELs and LOAELs as follows: 



Oral Studies

C Til et al. (1983, 1991)




Increased incidence of hepatic cysts and of liver cell polymorphisms graded moderate 
and severe: 
NOAEL at RISK = 2.96 mg/L; LOAEL at RISK = 29.6 mg/L in females 
NOAEL at RISK = 3.03 mg/L; LOAEL at RISK = 30.2 mg/L in males 
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C	 Feron et al. (1981) 
Increased extensive liver necrosis: 
NOAEL at RISK = 38.6 mg/L; LOAEL at RISK = 113 mg/L in females 
NOAEL at RISK = 116 mg/L; LOAEL at RISK = 326 mg/L in males 



Inhalation Studies

C Bi et al. (1985)




Increased relative liver weight: no NOAEL; LOAEL at RISK = 32.5 mg/L 
Increased testicular degeneration: NOAEL at AMET = 1.30 mg/kg; LOAEL at AMET = 
12.5 mg/kg 



C	 Sokal et al. (1980) 
Increased relative liver weight and liver lesions (nuclear polymorphism of hepatocytes, 
proliferation of reticuloendothelial cells): 
NOAEL at RISK = 111 mg/L; LOAEL at RISK = 556 mg/L 



Increased damage of spermatogenic epithelium: 

NOAEL at AMET = 4.46 mg/kg; LOAEL at AMET = 22.3 mg/kg




C	 Torkelson et al. (1961) 
Increased relative liver weight (at 6-month point): 
NOAEL at RISK = 110 mg/L; LOAEL at RISK = 234 mg/L in females 
NOAEL at RISK = 131 mg/L; LOAEL at RISK = 245 mg/L in males 



C	 Wisniewska-Knypl et al. (1980) (at 3-month point) 
Lipid accumulation: no NOAEL; LOAEL at RISK = 93 mg/L. 



This analysis is codified in Table D-2, in which are included the dose metrics calculated 
for the reproductive studies of Short et al. (1986) and CMA (1998b). Consideration of either 
AMET or RISK shows clearly the sensitivity of the liver endpoint in the Til et al. (1983, 1991) 
study when compared with other studies, either inhalation or oral, or other endpoints, either 
testicular or reproductive effects. 



To convert these dose metrics into an HEC, the PBPK model must be run to determine 
the continuous human exposure associated with each dose metric value of RISK and/or AMET. 
Table D-3 shows the results of this exercise, where the dose metrics associated with human 
continuous exposures range from 1 :g/m3 through 10,000 mg/m3. These results show that in the 
case of VC the model is linear to nearly 100 mg/m3. This simplifies the calculation of HECs, 
because the appropriate equivalence factor can thus be used: 1.18 (mg/L)/(mg/m3) for RISK, or 
0.0308 (mg/kg)/(mg/m3) for AMET. These are reported as human equivalent concentrations, or 
HEC. Similarly, the equivalence factor for oral dosing was calculated by determining the human 
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Table D-2. Dose metrics (AMET and RISK) derived for oral and inhalation 
exposure scenarios using a PBPK model (Clewell et al., 1995b) compared with 
effects observed in various studies 



Dose metrics Effectsa 



Reference AMETb RISKc Liver Testicular Reproductive 



Til et al. (1991) 0.013 0.3 — — NE 



Til et al. (1991) 0.12 3 — — NE 



Til et al. (1991) 1.2 30 + — NE 



CMA (1998b) 1.3 32 — — — 



Bi et al. (1985) 1.3 33  — — NE 



Feron et al. (1981) 1.6 39 + — NE 



Wisniewska-Knypl (1980) 3.7 93 + NE NE 



Sokal et al. (1980) 4.5 111 — — NE 



Feron et al. (1981) 4.6 116 + — NE 



Short et al. (1977) 6 156 NE NE — 



Torkelson (1961) 9.3 234 — — NE 



CMA (1998a) 12 298 + — — 



Feron et al. (1981) 13 326 + — NE 



Torkelson (1961) 14 343 — — NE 



Bi et al. (1985) 15 364 + + + 



Short et al. (1986) 21 534 + + + 



Sokal et al. (1980) 22 556 NE + NE 



Short et al. (1986) 32 800 NE NE + 



Sokal et al. (1980) 37 927 + + NE 



Bi et al. (1985) 43 1,080 + + NE 
a— = NOAE (No Observed Adverse Effect), + = OAE (Observed Adverse Effect), NE = not examined for.

bAMET: Total amount of VC metabolism divided by body weight (average daily mg metabolite/kg-day). 

Male values given.

cRISK: Total amount of VC metabolized by liver divided by volume of liver (average daily mg metabolite/L liver). 

Male values given.
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Table D-3. Daily dose metrics (RISK and AMET) obtained by running the 
PBPK model (Clewell et al., 1995a) under conditions of continuous human 
exposure 



Concentration (mg/m3) 
Dose metrica 



RISK AMET 



0.001 1.18 × 10-3 3.08 × 10-5 



0.01 1.18 × 10-2 3.08 × 10-4 



0.1 0.118 3.08 × 10-3 



1 1.18 3.08 × 10-2 



10 11.85 0.308 



100 117.6 3.06 



1,000 954 24.8 



10,000 1,264 32.9 



a These values reflect dose metrics calculated using KM1=0.1, rather than a value of 1.0 used in the Clewell et al. (1995a) 
model.  At the suggestion of the external peer review, the human dose metrics based on a KM1 of 0.1 were used for 
calculations in the main text. 



dose metric corresponding to a sample near-continuous exposure scenario (1 ppm in water, 
corresponding to 0.0286 mg/kg-day, assuming ingestion of 2 L/day by a 70 kg person) yielded a 
dose metric of 1.010 as shown in Table D-1. These are reported as the human equivalent dose, or 
HED. The corresponding values for “AMET” are 0.0308 mg/kg for 1 mg/m3  for inhaled VC 
and 0.92 mg/kg for 1 mg/kg-day.  As with inhalation exposure, VC metabolism is linear in this 
dose range, as per Table D-3 where a RISK value of 100 would correspond to a continuous oral 
intake in humans of about 3 mg/kg-day (RISK ÷ 35.31) so the equivalence factor for RISK is 
(1.01/0.0286) = 35.31 (mg/L)/(mg/kg-day). Liver toxicity was the only endpoint of concern for 
oral exposure, so equivalence factors for the other dose metrics were not calculated. To obtain 
the HED or HEC for each animal NOAEL or LOAEL, the animal dose metric was divided by the 
human dose metric equivalence factor for RISK: 



RISK (mg/L liver) ÷ 35.31 = oral HED (mg/kg-day) 
RISK (mg/L liver) ÷ 1.18 = inhalation HEC (mg/m3) 
AMET (mg/kg) ÷ 0.92 = oral HED (mg/kg-day) 
AMET (mg/kg) ÷ 0.0308 = inhalation HEC (mg/m3) 



Projections based on “RISK” values greater than 100 or “AMET” values greater than 3 
are in the range of nonlinearity and are therefore minor overestimates of dose or concentration 
(Table D-3). They are provided for comparative purposes only. 
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Oral Studies 
C	 Til et al. (1983, 1991) 



Increased incidence of hepatic cysts and of liver cell polymorphisms graded moderate 
and severe: 
Females 
NOAEL[HED/C] at 2.96 mg/L liver = 0.08 mg/kg-day or 2.5 mg/m3 



LOAEL[HED/C] at 29.5 mg/L liver = 0.8 mg/kg-day or 25 mg/m3 



Males 
at 3.03 mg/L liver = 0.09 mg/kg-day or 2.6 mg/m3NOAEL[HED/C]



LOAEL[HED/C] at 30.2 mg/L liver = 0.9 mg/kg-day or 26 mg/m3 



C	 Feron et al. (1981) 
Increased extensive liver necrosis: 
Females 
NOAEL[HED/C] at 38.6 mg/mL = 1.1 mg/kg-day or 33 mg/m3 



LOAEL[HED/C] at 113 mg/mL = 3.2 mg/kg-day or 97 mg/m3 



Males 
at 116 mg/mL = 3.3 mg/kg-day or 98 mg/m3 



at 326 mg/mL = 9.2 mg/kg-day or 276 mg/m3 
NOAEL[HED/C]



LOAEL[HED/C]



Inhalation Studies 
C Bi et al. (1985) 



[HED/C]Increased relative liver weight: LOAEL  at 32.5 mg/L = 0.9 mg/kg-day or 28 mg/m3 



Increased testicular degen: 
at 1.30 mg/kg = 1.4 mg/kg-day or 42 mg/m3 



at 12.5 mg/kg = 13 mg/kg-day or 400 mg/m3 
NOAEL[HED/C]



LOAEL[HED/C]



C	 Sokal et al. (1980) 
Increased relative liver weight and liver lesions: 
NOAEL[HED/C] at 111 mg/L = 3.1 mg/kg-day or 93 mg/m3 



LOAEL at 556 mg/L = 16 mg/kg-day or 470 mg/m3 



Increased damage of spermatogenic epithelium: 
at 4.46 mg/kg = 4.8 mg/kg-day or 145 mg/m3 



at 22.3 mg/kg = 24 mg/kg-day or 700 mg/m3 
NOAEL[HED/C]



LOAEL[HED/C]



C	 Torkelson et al. (1961) 
Increased relative liver weight: 



Females 
at 110 mg/L = 3.1 mg/kg-day or 93 mg/m3NOAEL[HED/C]
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LOAEL[HED/C] at 234 mg/L = 6.6 mg/kg-day or 200 mg/m3 



Males 
at 131 mg/L = 3.7 mg/kg-day or 110 mg/m3 



at 245 mg/L = 7 mg/kg-day or 210 mg/m3 
NOAEL[HED/C]



LOAEL[HED/C]



C Wisniewska-Knypl et al. (1980) 
[HED/C]Hepatic lipid proliferation: LOAEL  at 93 mg/L = 2.6 mg/kg-day or 80 mg/m3 



Summarizing the above results, the lowest LOAEL was for increased relative liver 
weight in a subchronic study, just as it was for the traditional approach, but the resulting 
LOAEL[HEC] is 47.8 mg/m3, about ninefold higher than the value of 5.5 mg/m3 arrived at without 
considering pharmacokinetics. The reason for the difference is that the default approach is based 
on parent chemical exposure, whereas the PBPK approach used a dose metric (RISK) 
representing exposure to reactive metabolites. Use of the PBPK model also allows for 
extrapolation from the oral route, in which a NOAEL(HEC) of 2.5 mg/m3 (average of male and 
female values) was identified. For the oral assessment, a NOAEL of 0.09 mg/kg-day (average of 
male and female values) was identified, a dose fairly close to the animal dose of 0.13 mg/kg-day 
that would be used as the NOAEL in the absence of the model. 



The overall approach just described is actually an approximate method that is acceptable 
for VC. The correct approach in general is to apply the desired uncertainty factor to the animal 
dose metric to obtain the lower target tissue dose desired in the human; the human PBPK model 
is then run iteratively to estimate the concentration associated with the desired human target 
tissue dose (Clewell and Jarnot, 1994). However, because of the linearity of the human dose 
metric for VC over the region of interest, the two formulations are equivalent in the case of VC. 



D.2.3. Benchmark Dose Modeling 



When possible, dose-response analysis of the results of the VC studies was also 
performed using the benchmark dose (BMD) methodology (Crump, 1984, 1995). When used 
with exposure concentrations, this approach is sometimes referred to as the benchmark 
concentration (BMC) methodology. The BMD (BMC) is the dose (concentration) predicted to 
result in a specified amount of increased risk (called the “benchmark risk”). The BMD or BMC 
is calculated using a statistical dose-response model applied to either experimental toxicological 
or epidemiological data. It has been proposed that a statistical lower bound on the BMD or 
BMC (referred to as the BMDL or BMCL, respectively) may be used in the setting of acceptable 
exposure limits as a replacement for the traditional NOAEL, which must be selected from one of 
the actual experimental dosing levels (U.S. EPA, 1994; Gaylor and Slikker, 1990). 



In the traditional approach for estimating a NOAEL from animal data, the response at 
each of the experimental doses is compared statistically with that in the controls, and the 
NOAEL is defined as the lowest dose showing no statistical difference. The benchmark 
approach has several advantages over the traditional NOAEL approach: (1) the benchmark 
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approach makes better use of the dose-response information inherent in the data; (2) the 
benchmark approach appropriately reflects the sample size of a study (smaller studies tend to 
result in smaller BMDs or BMCs, whereas the opposite is true for traditionally derived 
NOAELs); (3) the benchmark approach does not require arbitrary categorization of the data in 
epidemiological studies; (4) the benchmark approach does not involve difficult and 
argumentative “all or nothing” decisions, such as determining whether or not a NOAEL was 
observed in a particular experimental dose or exposure category; and (5) a benchmark estimate 
of the NOAEL can be determined even when effects are observed in the lowest experimental 
dose group or exposure category. In its report, “Interim Methods for Development of Inhalation 
Reference Concentrations” (U. S. EPA, 1994), the EPA stated: “This novel method utilizes more 
of the available data than the current methodology . . . . It also addresses to some degree several 
of the criticisms of the current approach, such as the use of dose-response slopes and the number 
of animals tested in defining NOELs.” 



D.2.4. Quantal Benchmark Results 



Calculations of BMDs and BMCs for quantal (incidence) data in the present study were 
performed with the standard quantal benchmark programs, THRESH and THRESHW (KS 
Crump Group, ICF Kaiser International, Ruston, LA), which employ the polynomial and 
Weibull models, respectively: 



Polynomial model: 
) * (1 ! exp{![$1(d ! d0) + $2(d ! d0)



2P(d) = p0 + (1!p0  + ... + $k(d ! d0)
k]}) 



Weibull model: 
) * (1 ! exp{![$(d ! d0)



k]})P(d) = p0 + (1!p0



where p0 is the proportion of responses in the control group, and d0



no increase in response is expected to occur. 
is a threshold below which 



A key step in the use of BMD modeling for the calculation of RfDs and RfCs is in the 
choice of the benchmark response level (BMR). This issue is an area of ongoing research, and 
the appropriate choices are better defined for quantal endpoints than for continuous endpoints. 
However, the following may be considered. For developmental toxicity, a set of studies 
sponsored by EPA (Faustman et al., 1994; Allen et al., 1994a, 1994b; Kavlock et al., 1995) has 
indicated choices for the response levels that yield BMDs that are, on average, similar to 
corresponding NOAELs. No large-scale studies comparable to those conducted for 
developmental toxicity have been completed for other types of toxicity. Thus, it is not as clear 
for such endpoints how to define the BMDs. However, Allen et al. (1994a) investigated a 
quantal treatment of developmental toxicity endpoints (counting the number of litters per group 
with one or more affected fetuses). Such a treatment of developmental toxicity endpoints should 
not be much different from any other quantal endpoint. Allen et al. (1994a) determined that a 
BMD corresponding to a 10% increase in risk (BMD10) tended to match the associated 
NOAELs better than other choices (5% and 1% increases). About 76% of the BMDs for 10% 
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additional risk were less than the corresponding NOAELs, but the median of the relative 
differences was a factor of 2. BMDLs corresponding to an additional risk of 10% also have the 
advantage that they are likely to depend less on the dose-response model than BMDLs 
corresponding to additional risk of 1% or 5% (Crump, 1984). These analyses suggest that use of 
a lower bound for 10% additional risk would increase the conservatism in the determination of 
RfCs and RfDs by a factor of about 2 to 3 (i.e., would decrease RfCs and RfDs by a factor of 2 
to 3 on average) compared to the traditional NOAEL approach. The BMD10 values are 
highlighted in the presentation of the benchmark modeling results to indicate the values that 
should be compared for different endpoints. However, it should be noted that this study was 
conducted using additional risk, whereas EPA is using extra risk as a conservative default. The 
concentration corresponding to a given extra risk will always be the same or lower than the 
concentration corresponding to the same percentage of additional risk. Additional risk is defined 
as P(d) ! P(0), while extra risk is defined as [P(d) ! P(0)]/[1 ! P(0)]. 



The following data sets were suitable for analysis: (1) incidence of testicular 
degeneration in rats exposed to VC by inhalation for 3–18 months (Bi et al., 1985), (2) incidence 
of extensive necrosis in the liver of rats chronically exposed to VC in the diet (Feron et al., 
1981), (3) incidence of nuclear polymorphism of hepatocytes in rats exposed to VC by inhalation 
for 10 months (Sokal et al., 1980), (4) incidence of proliferation of hepatic reticulo-endothelial 
cells in rats exposed to VC by inhalation for 10 months (Sokal et al. 1980), and (5) incidence of 
damage to spermatogenic epithelium in rats exposed to VC by inhalation for 10 months (Sokal et 
al. 1980). No incidence data were reported for lipid proliferation in the study by Wisniewska-
Knypl et al., (1980), so these data could not be modeled. Although modeling of the data was 
based on the PBPK dose metrics, selected endpoints also were modeled on the basis of the 
exposure levels or administered doses, for comparison. 



Benchmark (BM) Analysis on Dose/Exposure Concentration: 



The results of the quantal benchmark modeling of the administered dose (in mg/kg-day) 
or exposure concentration (in mg/m3) vice the PBPK derived metrics are shown in Table D-4. 
An acceptable fit was obtained with all endpoints, with one exception. Poor fit was obtained in 
the liver necrosis data of Feron et al. (1981) when the diet and gavage data were combined, but a 
good fit was obtained when the diet data alone were modeled. This is the expected result, 
because the response and dose metric of the gavage dose were lower than the highest dietary 
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Table D-4. Benchmark dose modeling results using exposure concentration or 
administered dose 



Model BMR 
type 



BMR MLE BMC 
(mg/m3) 



Log-likelihood G-O-F 
p-value 



Chi-square 



Bi et al. (1985): Testicular degeneration 



Polynomial quantal Extra 1.00e-02 3.25e+01 2.18e+01 -1.84e+02 8.02e-02 5.05e+00 



Polynomial quantal Extra 5.00e-02 1.66e+02 1.11e+02 -1.84e+02 8.02e-02 5.05e+00 



Polynomial quantal Extra 1.00e-01 3.41e+02 2.29e+02 -1.84e+02 8.02e-02 5.05e+00 



Weibull quantal Extra 1.00e-02 3.25e+01 2.18e+01 -1.84e+02 8.02e-02 5.05e+00 



Weibull quantal Extra 5.00e-02 1.66e+02 1.11e+02 -1.84e+02 8.02e-02 5.05e+00 



Weibull quantal Extra 1.00e-01 3.41e+02 2.29e+02 -1.84e+02 8.02e-02 5.05e+00 



Feron et al. (1981): Liver necrosis females 



Polynomial quantal Extra 1.00e-02 2.32e-01 1.71e-01 -1.14e+02 3.26e-01 2.24e+00 



Polynomial quantal Extra 5.00e-02 1.18e+00 8.74e-01 -1.14e+02 3.26e-01 2.24e+00 



Polynomial quantal Extra 1.00e-01 2.43e+00 1.79e+00 -1.14e+02 3.26e-01 2.24e+00 



Weibull quantal Extra 1.00e-02 2.32e-01 1.71e-01 -1.14e+02 3.26e-01 2.24e+00 



Weibull quantal Extra 5.00e-02 1.18e+00 8.74e-01 -1.14e+02 3.26e-01 2.24e+00 



Weibull quantal Extra 1.00e-01 2.43e+00 1.79e+00 -1.14e+02 3.26e-01 2.24e+00 



Feron et al. (1981): Liver necrosis females, including gavage dose 



Polynomial quantal Extra 1.00e-02 8.41e+00 4.93e+00 -1.65e+02 1e-06 3.03e+01 



Polynomial quantal Extra 5.00e-02 4.29e+01 2.51e+01 -1.65e+02 1e-06 3.03e+01 



Polynomial quantal Extra 1.00e-01 8.81e+01 5.16e+01 -1.65e+02 1e-06 3.03e+01 



Weibull quantal Extra 1.00e-02 8.41e+00 4.93e+00 -1.65e+02 1e-06 3.03e+01 



Weibull quantal Extra 5.00e-02 4.29e+01 2.51e+01 -1.65e+02 1e-06 3.03e+01 



Weibull quantal Extra 1.00e-01 8.81e+01 5.16e+01 -1.65e+02 1e-06 3.03e+01 



Feron et al. (1981): Liver necrosis males 



Polynomial quantal Extra 1.00e-02 1.21e+00 2.87e-01 -9.14e+01 6.61e-01 1.92e-01 



Polynomial quantal Extra 5.00e-02 3.94e+00 1.46e+00 -9.14e+01 6.61e-01 1.92e-01 



Polynomial quantal Extra 1.00e-01 6.23e+00 3.00e+00 -9.14e+01 6.61e-01 1.92e-01 



Weibull quantal Extra 1.00e-02 1.44e+00 2.88e-01 -9.14e+01 7.17e-01 1.31e-01 



Weibull quantal Extra 5.00e-02 3.87e+00 1.47e+00 -9.14e+01 7.17e-01 1.31e-01 
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Table D-4. Benchmark dose modeling results using exposure concentration or 
administered dose (continued) 



Model BMR 
type 



BMR MLE BMD 
(mg/kg/ 



day) 



Log-likelihood G-O-F 
p-value 



Chi-square 



Weibull quantal Extra 1.00e-01 6.01e+00 3.02e+00 -9.14e+01 7.17e-01 1.31e-01 



Feron et al. (1981): Liver necrosis males, including gavage dose 



Polynomial quantal Extra 1.00e-02 8.73e+00 5.31e+00 -1.40e+02 1e-05 2.64e+01 



Polynomial quantal Extra 5.00e-02 4.46e+01 2.71e+01 -1.40e+02 1e-05 2.64e+01 



Polynomial quantal Extra 1.00e-01 9.16e+01 5.56e+01 -1.40e+02 1e-05 2.64e+01 



Weibull quantal Extra 1.00e-02 8.73e+00 5.31e+00 -1.40e+02 1e-05 2.64e+01 



Weibull quantal Extra 5.00e-02 4.46e+01 2.71e+01 -1.40e+02 1e-05 2.64e+01 



Weibull quantal Extra 1.00e-01 9.16e+01 5.56e+01 -1.40e+02 1e-05 2.64e+01 



dose, even though the administered gavage dose was higher (300 mg/kg-day versus 14.1 mg/kg-

day). The BMD/C10 (benchmark dose/concentration for 10% extra risk) estimated for the

sample data sets are as follows: 




Oral Studies

C Til et al. (1983, 1991) (see below)




C	 Feron et al. (1981)

Increased extensive liver necrosis in females: BMD10 at 1.8 mg/kg-day 

Increased extensive liver necrosis in males: BMD10 at 3.0 mg/kg-day




Inhalation Studies

C Bi et al. (1985)




Increased testicular degeneration: BMC10 at 229 mg/m3




Thus, the BMC10 estimated for the testicular effect of Bi et al. (1985) is higher than the 
default LOAEL[HEC] estimated using the NOAEL approach at 55 mg/m3. Analysis of the 
modeling output indicates that this overestimate probably results from poor fit in the low-
concentration region. In order to fit the moderate increase in response corresponding to the 30x 
increase in exposure level between the middle and high concentrations, the model 
underestimated the response in the low concentration region. The goodness-of-fit p value (0.08) 
is low but acceptable, indicating the importance of evaluating the fit in the low concentration 
region in addition to the overall p value. The BMD for the liver necrosis in the oral study was 
comparable to the NOAEL in females, and between the NOAEL and LOAEL in males. The 
calculated BMDs were approximately an order of magnitude higher when the gavage dose was 
included in the modeling, reflecting the poor model fit with this data set. 
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BM Analysis on PBPK Metrics (the delivered dose): 



The results of the quantal benchmark analysis using doses from the PBPK model are

shown in Table D-5 (in units of the appropriate dose metric, and converted to the exposure

concentration in human equivalent doses/concentrations; HED/Cs). The following data sets 

were analyzed: (1) incidence of testicular degeneration in rats exposed to VC by inhalation for 3

to 18 months (Bi et al., 1985), (2) incidence of extensive necrosis in the liver of male and female

rats chronically exposed to VC in the diet (Feron et al., 1981), (3) incidence of nuclear

polymorphism of hepatocytes in rats exposed to VC by inhalation for 10 months (Sokal et al.,

1980), (4) incidence of proliferation of hepatic reticulo-endothelial cells in rats exposed to VC 

by inhalation for 10 months (Sokal et al., 1980), and (5) incidence of damage to spermatogenic

epithelium in rats exposed to VC by inhalation for 10 months (Sokal et al., 1980). Note that,

although the same dose metric is used for different effects in the same organ, separate BMDs are

calculated because the response data differ. Acceptable fits were obtained for all endpoints, and

the BMCs obtained with the two BMD models are identical or very similar in all cases. The

BMC10 (for 10% extra risk) estimated for each animal data set was converted to the

corresponding HEC (which will be referred to as the BMC[HEC]) using the appropriate

equivalence factor, 1.18 (mg/L)/(mg/m3) for RISK, or 0.0308 (mg/kg)/(mg/m3) for AMET, in the

same manner as in the PBPK NOAEL/LOAEL approach. Similarly, the BMD10 was converted

to the equivalent human oral dose using the equivalence factors of 35.31 (mg/L)/(mg/kg-day) for

RISK or 0.92 (mg/kg)/(mg/kg-day) for AMET.




Oral Studies (bolded in Table D-5)

C Til et al. (1983, 1991) (see Table D-6 below)

C Feron et al. (1981)




Increased liver necrosis in females: BMD at 40.4 mg/L = 1.1 mg/kg-day or 34 mg/m3




Increased liver necrosis in males: BMD at 70 mg/L = 2 mg/kg-day or 59 mg/m3




For comparison, the following data were obtained when the gavage dose of Feron et al.

(1981) was included in the benchmark modeling, and the results were converted to a human

inhalation HEC:




Increased liver necrosis in females: BMC[HEC]




Increased liver necrosis in males: BMC[HEC]




 at 37.4 mg/L = 32 mg/m3




at 65.6 mg/L = 56 mg/m3




D-18












D
-19




Table D-5.  Benchmark dose modeling results using pbpk-derived dose metric 



Model BMR type BMR Dose metric Calculated 
HEC 



(mg/m3) 



Log-likelihood G-O-F 
p-value 



Chi-square 



MLE BMD MLEHEC BMCHEC 



Bi et al. (1985): Testicular degeneration 



Polynomial quantal Additional 1.00e-02 1.00e+00 6.76e-01 3.25e+01 2.20e+01 -1.82e+02 3.90e-01 1.88e+00 



Polynomial quantal Additional 5.00e-02 5.15e+00 3.47e+00 1.67e+02 1.13e+02 -1.82e+02 3.90e-01 1.88e+00 



Polynomial quantal Additional 1.00e-01 1.07e+01 7.18e+00 3.48e+02 2.33e+02 -1.82e+02 3.90e-01 1.88e+00 



Polynomial quantal Extra 1.00e-02 7.63e-01 5.35e-01 2.48e+01 1.74e+01 -1.82e+02 3.90e-01 1.88e+00 



Polynomial quantal Extra 5.00e-02 3.89e+00 2.73e+00 1.26e+02 0.89e+02 -1.82e+02 3.90e-01 1.88e+00 



Polynomial quantal Extra 1.00e-01 8.00e+00 5.60e+00 2.60e+02 1.82e+02 -1.82e+02 3.90e-01 1.88e+00 



Weibull quantal Additional 1.00e-02 1.00e+00 6.76e-01 3.25e+01 2.20e+01 -1.82e+02 3.90e-01 1.88e+00 



Weibull quantal Additional 5.00e-02 5.15e+00 3.47e+00 1.67e+02 1.13e+02 -1.82e+02 3.90e-01 1.88e+00 



Weibull quantal Additional 1.00e-01 1.07e+01 7.18e+00 3.48e+02 2.33e+02 -1.82e+02 3.90e-01 1.88e+00 



Weibull quantal Extra 1.00e-02 7.63e-01 5.35e-01 2.48e+01 1.74e+01 -1.82e+02 3.90e-01 1.88e+00 



Weibull quantal Extra 5.00e-02 3.89e+00 2.73e+00 1.26e+02 0.89e+02 -1.82e+02 3.90e-01 1.88e+00 



Weibull quantal Extra 1.00e-01 8.00e+00 5.60e+00 2.60e+02 1.82e+02 -1.82e+02 3.90e-01 1.88e+00 



Feron et al. (1981): Liver necrosis females 



Polynomial quantal Additional 1.00e-02 5.68e+00 4.09e+00 4.80e+00 3.45e+00 -1.14e+02 3.27e-01 2.23e+00 



Polynomial quantal Additional 5.00e-02 2.90e+01 2.09e+01 2.45e+01 1.76e+01 -1.14e+02 3.27e-01 2.23e+00 



Polynomial quantal Additional 1.00e-01 5.98e+01 4.31e+01 5.05e+01 3.64e+01 -1.14e+02 3.27e-01 2.23e+00 



Polynomial quantal Extra 1.00e-02 5.22e+00 3.85e+00 4.41e+00 3.25e+00 -1.14e+02 3.27e-01 2.23e+00 



Polynomial quantal Extra 5.00e-02 2.67e+01 1.97e+01 2.26e+01 1.67e+01 -1.14e+02 3.27e-01 2.23e+00 











D
-20



Table D-5.  Benchmark dose modeling results using PBPK-derived dose metric (continued) 
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Model BMR type BMR Dose metric Calculated 
HEC 



(mg/m3) 



Log-likelihood G-O-F 
p-value 



Chi-square 



MLE BMD MLEHEC BMCHEC 



Polynomial quantal Extra 1.00e-01 5.47e+01 4.04e+01 4.62e+01 3.41e+01 
or 



1.15e+00 
mg/kg/day 



-1.14e+02 3.27e-01 2.23e+00 



Weibull quantal Additional 1.00e-02 5.68e+00 4.09e+00 4.80e+00 3.46e+00 -1.14e+02 3.27e-01 2.23e+00 



Weibull quantal Additional 5.00e-02 2.90e+01 2.09e+01 2.45e+01 1.76e+01 -1.14e+02 3.27e-01 2.23e+00 



Weibull quantal Additional 1.00e-01 5.98e+01 4.31e+01 5.05e+01 3.64e+01 -1.14e+02 3.27e-01 2.23e+00 



Weibull quantal Extra 1.00e-02 5.22e+00 3.85e+00 4.41e+00 3.25e+00 -1.14e+02 3.27e-01 2.23e+00 



Weibull quantal Extra 5.00e-02 2.67e+01 1.97e+01 2.26e+01 1.67e+01 -1.14e+02 3.27e-01 2.23e+00 



Weibull quantal Extra 1.00e-01 5.47e+01 4.04e+01 4.62e+01 3.41e+01 -1.14e+02 3.27e-01 2.23e+00 



Feron et al. (1981): Liver necrosis in females, including gavage dose 



Weibull quantal Extra 1.00e-02 4.56e+00 3.53e+00 3.86e+00 2.98e+00 -1.52e+02 2.10e-01 4.53e+00 



Weibull quantal Extra 5.00e-02 2.33e+01 1.80e+01 1.97e+01 1.52e+01 -1.52e+02 2.10e-01 4.53e+00 



Weibull quantal Extra 1.00e-01 4.78e+01 3.71e+01 4.04e+01 3.14e+01 -1.52e+02 2.10e-01 4.53e+00 



Feron et al. (1981): Liver necrosis males 



Polynomial quantal Additional 1.00e-02 2.99e+01 6.94e+00 2.53e+01 0.59e+01 -9.14e+01 6.62e-01 1.91e-01 



Polynomial quantal Additional 5.00e-02 9.59e+01 3.55e+01 0.81e+02 3.00e+01 -9.14e+01 6.62e-01 1.91e-01 



Polynomial quantal Additional 1.00e-01 1.51e+02 7.29e+01 1.28e+02 0.62e+02 -9.14e+01 6.62e-01 1.91e-01 



Polynomial quantal Extra 1.00e-02 2.83e+01 6.64e+00 2.39e+01 5.61e+00 -9.14e+01 6.62e-01 1.91e-01 



Polynomial quantal Extra 5.00e-02 9.16e+01 3.39e+01 0.78e+02 2.87e+01 -9.14e+01 6.62e-01 1.91e-01 



Polynomial quantal Extra 1.00e-01 1.44e+02 6.96e+01 1.22e+02 0.59e+02 -9.14e+01 6.62e-01 1.91e-01 



Weibull quantal Additional 1.00e-02 3.49e+01 6.98e+00 2.95e+01 0.59e+01 -9.14e+01 7.18e-01 1.30e-01 











Table D-5.  Benchmark dose modeling results using PBPK-derived dose metric (continued) 



Model BMR type BMR Dose metric Calculated 
HEC 



(mg/m3) 



Log-likelihood G-O-F 
p-value 



Chi-square 



MLE BMD MLEHEC BMCHEC 



Weibull quantal Additional 5.00e-02 9.39e+01 3.57e+01 0.79e+02 3.02e+01 -9.14e+01 7.18e-01 1.30e-01 



Weibull quantal Additional 1.00e-01 1.46e+02 7.33e+01 1.24e+02 0.62e+02 -9.14e+01 7.18e-01 1.30e-01 



Weibull quantal Extra 1.00e-02 3.34e+01 6.68e+00 2.82e+01 5.64e+00 -9.14e+01 7.18e-01 1.30e-01 



Weibull quantal Extra 5.00e-02 8.99e+01 3.41e+01 0.76e+02 2.88e+01 -9.14e+01 7.18e-01 1.30e-01 



Weibull quantal Extra 1.00e-01 1.39e+02 7.00e+01 1.17e+02 0.59e+02 -9.14e+01 7.18e-01 1.30e-01 



Sokal et al. (1980): Nuclear proliferation of hepatocytes 



Polynomial quantal Additional 1.00e-02 1.03e+01 6.98e+00 0.87e+01 0.59e+01 -5.42e+01 6.18e-01 9.62e-01 



Polynomial quantal Additional 5.00e-02 5.26e+01 3.57e+01 4.45e+01 3.02e+01 -5.42e+01 6.18e-01 9.62e-01 



Polynomial quantal Additional 1.00e-01 1.08e+02 7.34e+01 0.91e+02 0.62e+02 -5.42e+01 6.18e-01 9.62e-01 



Weibull quantal Additional 1.00e-02 1.03e+01 6.98e+00 0.87e+01 0.59e+01 -5.42e+01 6.18e-01 9.62e-01 



Weibull quantal Additional 5.00e-02 5.26e+01 3.57e+01 4.45e+01 3.02e+01 -5.42e+01 6.18e-01 9.62e-01 



Weibull quantal Additional 1.00e-01 1.08e+02 7.34e+01 0.91e+02 0.62e+02 -5.42e+01 6.18e-01 9.62e-01 



Polynomial quantal Extra 1.00e-01 9.83e+01 6.91e+01 0.83e+02 0.59e+02 -5.42e+01 6.18e-01 9.62e-01 



Polynomial quantal Extra 5.00e-02 4.78e+01 3.36e+01 4.04e+01 2.84e+01 -5.42e+01 6.18e-01 9.62e-01 



Polynomial quantal Extra 1.00e-02 9.37e+00 6.59e+00 0.79e+01 5.57e+00 -5.42e+01 6.18e-01 9.62e-01 



Weibull quantal Extra 1.00e-01 9.83e+01 6.91e+01 0.83e+02 0.59e+02 -5.42e+01 6.18e-01 9.62e-01 



Weibull quantal Extra 5.00e-02 4.78e+01 3.36e+01 4.04e+01 2.84e+01 -5.42e+01 6.18e-01 9.62e-01 



Weibull quantal Extra 1.00e-02 9.37e+00 6.59e+00 0.79e+01 5.57e+00 -5.42e+01 6.18e-01 9.62e-01 
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Table D-5. Benchmark dose modeling results using PBPK-derived dose metric (continued) 
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Model BMR type BMR Dose metric Calculated 
HEC 



(mg/m3) 



Log-likelihood G-O-F 
p-value 



Chi-square 



MLE BMD MLEHEC BMCHEC 



Sokal et al. (1980): Proliferation, hepatic reticuloendothelial cells 



Polynomial quantal Additional 1.00e-02 1.81e+01 1.12e+01 1.53e+01 0.95e+01 -5.26e+01 9.27e-01 1.53e-01 



Polynomial quantal Additional 5.00e-02 9.27e+01 5.73e+01 0.78e+02 4.84e+01 -5.26e+01 9.27e-01 1.53e-01 



Polynomial quantal Additional 1.00e-01 1.91e+02 1.18e+02 1.62e+02 1.00e+02 -5.26e+01 9.27e-01 1.53e-01 



Weibull quantal Additional 1.00e-02 1.92e+01 1.12e+01 1.62e+01 0.95e+01 -5.26e+01 6.96e-01 1.52e-01 



Weibull quantal Additional 5.00e-02 9.57e+01 5.73e+01 0.81e+02 4.84e+01 -5.26e+01 6.96e-01 1.52e-01 



Weibull quantal Additional 1.00e-01 1.95e+02 1.18e+02 1.65e+02 1.00e+02 -5.26e+01 6.96e-01 1.52e-01 



Polynomial quantal Extra 1.00e-01 1.71e+02 1.09e+02 1.44e+02 0.92e+02 -5.26e+01 9.27e-01 1.53e-01 



Polynomial quantal Extra 5.00e-02 8.30e+01 5.33e+01 0.70e+02 4.51e+01 -5.26e+01 9.27e-01 1.53e-01 



Polynomial quantal Extra 1.00e-02 1.63e+01 1.04e+01 1.38e+01 0.88e+01 -5.26e+01 9.27e-01 1.53e-01 



Weibull quantal Extra 1.00e-01 1.74e+02 1.09e+02 1.47e+02 0.92e+02 -5.26e+01 6.96e-01 1.52e-01 



Weibull quantal Extra 5.00e-02 8.57e+01 5.33e+01 0.72e+02 4.51e+01 -5.26e+01 6.96e-01 1.52e-01 



Weibull quantal Extra 1.00e-02 1.72e+01 1.04e+01 1.45e+01 0.88e+01 -5.26e+01 6.96e-01 1.52e-01 



Sokal et al. (1980): Spermatogenic epithelium damage 



Polynomial quantal Additional 1.00e-02 1.03e+00 5.75e-01 3.34e+01 1.87e+01 -5.20e+01 3.84e-01 1.91e+00 



Polynomial quantal Additional 5.00e-02 5.29e+00 2.94e+00 1.72e+02 0.95e+02 -5.20e+01 3.84e-01 1.91e+00 



Polynomial quantal Additional 1.00e-01 1.09e+01 6.05e+00 3.54e+02 1.97e+02 -5.20e+01 3.84e-01 1.91e+00 



Weibull quantal Additional 1.00e-02 1.03e+00 5.75e-01 3.34e+01 1.88e+01 -5.20e+01 3.84e-01 1.91e+00 



Weibull quantal Additional 5.00e-02 5.29e+00 2.94e+00 1.72e+02 0.95e+02 -5.20e+01 3.84e-01 1.91e+00 



Weibull quantal Additional 1.00e-01 1.09e+01 6.05e+00 3.54e+02 1.97e+02 -5.20e+01 3.84e-01 1.91e+00 



Sokal et al. (1980): Spermatogenic epithelium damage (high dropped) 











Table D-5. Benchmark dose modeling results using PBPK-derived dose metric (continued) 



Model BMR type BMR Dose metric Calculated 
HEC 



(mg/m3) 



Log-likelihood G-O-F 
p-value 



Chi-square 



MLE BMD MLEHEC BMCHEC 



Polynomial quantal Additional 1.00e-02 1.43e+00 3.85e-01 4.64e+01 1.25e+01 -4.08e+01 1.00e+00 2.25e-21 



Polynomial quantal Additional 5.00e-02 5.91e+00 1.97e+00 1.92e+02 0.64e+02 -4.08e+01 1.00e+00 2.25e-21 



Polynomial quantal Additional 1.00e-01 1.03e+01 4.05e+00 3.34e+02 1.32e+02 -4.08e+01 1.00e+00 2.25e-21 



Weibull quantal Additional 1.00e-02 1.74e+00 3.85e-01 5.65e+01 1.25e+01 -4.08e+01 1.00e+00 7.31e-21 



Weibull quantal Additional 5.00e-02 5.74e+00 1.97e+00 1.86e+02 0.64e+02 -4.08e+01 1.00e+00 7.31e-21 



Weibull quantal Additional 1.00e-01 9.74e+00 4.05e+00 3.16e+02 1.32e+02 -4.08e+01 1.00e+00 7.31e-21 



Polynomial quantal Extra 1.00e-01 9.41e+00 3.75e+00 3.06e+02 1.22e+02 -4.08e+01 1.00e+00 2.25e-21 



Polynomial quantal Extra 5.00e-02 5.38e+00 1.83e+00 1.75e+02 0.59e+02 -4.08e+01 1.00e+00 2.25e-21 



Polynomial quantal Extra 1.00e-02 1.28e+00 3.58e-01 4.16e+01 1.16e+01 -4.08e+01 1.00e+00 2.25e-21 



Weibull quantal Extra 1.00e-01 8.92e+00 3.75e+00 2.90e+02 1.22e+02 -4.08e+01 1.00e+00 7.31e-21 



Weibull quantal Extra 5.00e-02 5.27e+00 1.83e+00 1.71e+02 0.59e+02 -4.08e+01 1.00e+00 7.31e-21 



Weibull quantal Extra 1.00e-02 1.60e+00 3.58e-01 5.20e+01 1.16e+01 -4.08e+01 1.00e+00 7.31e-21 
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Table D-5. Benchmark dose modeling results using PBPK-derived dose metric (continued) 



Model BMR type BMR Dose metric Calculated 
HEC 



(mg/m3) 



Log-likelihood G-O-F 
p-value 



Chi-square 



MLE BMD MLEHEC BMCHEC 



Continuous endpoint 



Sokal et al. (1980): Liver to body weight ratios 



Polynomial continuous Absolute SD0/2 2.44e+02 1.35e+02 2.06e+02 1.14e+02 5.21e+01 1.24e-01 n/a 



Polynomial continuous Relative 1.00e-02 8.73e+01 4.15e+01 0.74e+02 3.51e+01 5.21e+01 1.24e-01 n/a 



Polynomial continuous Relative 5.00e-02 3.34e+02 2.00e+02 2.82e+02 1.69e+02 5.21e+01 1.24e-01 n/a 



Polynomial continuous Relative 1.00e-01 5.05e+02 3.70e+02 4.27e+02 3.13e+02 5.21e+01 1.24e-01 n/a 



Weibull continuous Absolute SD0/2 3.23e+02 2.12e+02 2.73e+02 1.79e+02 5.18e+01 8.19e-02 n/a 



Weibull continuous Relative 1.00e-02 1.95e+02 1.03e+02 1.65e+02 0.63e+02 5.18e+01 8.19e-02 n/a 



Weibull dontinuous Relative 5.00e-02 3.91e+02 2.73e+02 3.30e+02 2.30e+02 5.18e+01 8.19e-02 n/a 



Weibull continuous Relative 1.00e-01 5.28e+02 4.13e+02 4.46e+02 3.49e+02 5.18e+01 8.19e-02 n/a 
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Inhalation Studies

C Bi et al. (1985) 




[HEC]Increased testicular degeneration: BMC  at 5.60 mg/kg = 6.1 mg/kg-day or 180 mg/m3 



C	 Sokal et al. (1980) 
Nuclear proliferation of hepatocytes: 69.1 mg/L = 2 mg/kg-day or 59 mg/m3 



Proliferation of hepatic reticuloendothelial cells: 109 mg/L = 3.1 mg/kg-day or 92 mg/m3 



Damage of spermatogenic epithelium: 3.75 mg/kg = 4.1 mg/kg-day or 122 mg/m3 



As shown in Table D-5, acceptable fits were obtained for all of the data sets. On the 
[HEC] at 180 mg/m3 for testicular degeneration of Bi etbasis of the “AMET” dose metric, the BMC



al. (1985) is about a factor of two below the LOAEL[HEC] at 406 mg/m3 for the same study, 
whereas the BMC[HEC] at 34-59 mg/m3  for liver necrosis of Feron et al. (1981) is inclusive of the 
NOAEL[HEC] of 32.6 mg/m3  based on the “RISK” dose metric. It is also noteworthy that the 
BMC[HEC] of 180 mg/m3 for testicular degeneration is about a factor of four above the 
NOAEL[HEC] of 42.2 mg/m3 based on the “AMET” dose metric, perhaps demonstrating the value 
of the BMD approach when the dose levels in a study are widely spaced. Although similar 
BMCs were calculated using extra and additional risk for most endpoints, the BMC for testicular 
degeneration using additional risk is about 30% higher than the value calculated using extra risk, 
probably because of the high background response for this endpoint. 



The response for the testicular endpoint observed by Sokal et al. (1980) at the high 
concentration was lower than that at the middle concentration. This decrease does appear to be 
biologically meaningful. High VC concentrations destroy P450, decreasing the amount of 
reactive metabolites formed (Reynolds et al, 1975; Guengerich and Strickland, 1977). Thus, the 
highest exposure level may have knocked out the P450 system and prevented the testicular 
toxicity. Although the model fit was acceptable in both cases, dropping the high dose resulted in 
much better fit, as expected. The decrease in response was not observed for the liver lesions, 
apparently because of the higher P450 levels in the liver. Based on this analysis, the response 
was modeled with and without the high dose (additional risk) or with the high dose dropped 
(extra risk). As expected, dropping the high dose improved the model fit. The benchmark 
values calculated without the high dose are about two-thirds those calculated including the high 
dose. 



D.2.4.1. Quantal Benchmark Concentration Analyses of Liver Cell Polymorphism in 
Til et al. (1983, 1991) 



(1) Computational Models — Discontinuous Data 
The models used are listed in Table D-6. For data inputs, the multistage polynomial was 



set to the number of dose groups minus one, the risk type was extra [P(d) ! P(0)] / [1 ! P(0)], 
and no threshold was estimated. For the Weibull, the lower limit of $ was set at 1. The 
gammahit model was run to convergence (approximately 1,000 iterations). 
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Table D-6. BMD10 and maximum likelihood estimates (MLE) values 
generated from various model fits to liver cell polymorphism incidence 
data from exposure to vinyl chloride monomer (Til et al., 1991) 



Model 
BMD10 



(MLE), mg/L livera p-value 



Weibull (power $ 1) 24.0 (26.6) 0.88 



Gammahit 21.4 (23.2) 0.88 



Quantal quadratic 13.8 (16.2) 0.96 



Logistic 12.9 (13.4) 0.47 



Multistage 11.8 (16.2) 0.79 



Probit 11.6 (12.7) 0.44 



Quantal linear 6.5 (9.1) 0.46 



NOAEL 3.00 
(0.13 mg/kg-day) 



LOAEL 29.9 
(1.3 mg/kg-day) 



aBMD10 is the lower 95% confidence bound on the MLE of a 10% change in numbers exhibiting polymorphism 
evaluated as either moderate or severe. Results shown are generated with dose metrics (mg VC metabolites/L liver; 
RISK) and were generated from the PBPK model of Clewell et al. (this document). The NOAEL and LOAEL are 
also shown for comparative purposes. 



(2) Data 
Incidence data from Table 4 in Til et al. (1983, 1991) for both sexes of moderate and 



severe grades of liver cell polymorphism were combined and summed to produce one control 
group and three exposed groups (incidence of moderate + severe)/total exposed; (21)/197 for 
controls, (21)/199 for 0.014 mg/kg, (20)/196 for 0.13 mg/kg, and (37)/98 for 1.3 mg/kg. 



The doses were further transformed by use of the PBPK model to an average daily 
delivered dose in mg/L liver to the following (averaged metric values of male and female): for 
0.014 mg/kg-day, 0.321 mg/L; for 0.13 mg/kg-day, 2.98 mg/L; for 1.3 mg/kg-day, 29.8 mg/L. 
This metric (mg/L liver) was used in the BMD modeling. BMD results were transformed to the 
human equivalent oral concentration by dividing this metric by 35.31 and by 1.18 to obtain the 
continuous human equivalent inhalation concentration. 



(3) Model Fit 
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Model fit was judged by the p-values given from the analysis of deviance by inspection 
of the observed versus predicted output from each model (not shown) and from visual 
inspections of the graphical outputs (not shown). 



(4) Results 
The dose-response character of liver cell polymorphism was limited, appearing as a high-



dose phenomenon only.  Nevertheless, all models tested fit these data acceptably, i.e., p > 0.05. 
Comparison of the observed versus expected values generated from the various models also 
showed that all models, save for the quantal linear, gave reasonable approximations of the data. 
There was, however, a clear dichotomy between models giving p-values in the range of 0.8 and 
those giving values around 0.4. Visual inspection of the graphicals (not shown) indicate that 
model fitting to the 0.13 mg/kg (3.00 mg/L liver) point may have accounted for this dichotomy, 
in that those models generating MLEs within the variability of this point gave elevated p-values, 
whereas those models with MLEs missing this point had p-values smaller by one-half. 



The range of the outputs for the various models for the BMD10 was over threefold, from 
6.5 to 24.01 mg/L liver, with BMD10s of 11–14 mg/L liver being intermediate. All modeled 
BMD10s were larger than the NOAEL of the study, 3.00 mg/L liver (0.13 mg/kg), with even the 
lowest modeled BMD10 (quantal linear) being over twice this value. 



(5) Discussion 
The only nonzero response in this data set is the highest dose employed, 29.9 mg/L liver, 



where the response rate was about 38%. The dose-spacing of the study is such that the nearest 
experimental point to the nonzero point is 10-fold different (3.00 versus 29.9 mg/L liver). Some 
models (gammahit and Weibull) generated MLE responses that remained close to the control 
rate of 10% until near the nonzero point, where they rose steeply. Others (e.g., logistic, probit, 
and multistage) generated MLE responses that sloped upward more gradually at doses 
considerably less than the nonzero point. The implication for model choice is appreciable. The 
range between the NOAEL and the highest BMD10 (Weibull) is eightfold. The range between 
the NOAEL and the lowest BMD10 (quantal linear) is slightly more than twofold. 



No biological reasoning governs the choice of any of the model outputs from Table D-4. 
The character of the dose response is highly uncertain because of the large spacings between 
applied doses. Because of this uncertainty and the lack of biological motivation for model 
choice, the NOAEL, 3.00 mg/L liver, is chosen for use as the basis for further quantitative 
analysis for both oral and inhalation assessments. The HECs are derived from the output of the 
PBPK model as shown in this appendix.  The oral NOAEL(HEC) is 0.09 mg/kg-day (3.00 mg/L 
liver /35.31). The inhalation NOAEL(HEC) is 2.5 mg/m3 (3.00 mg/L liver/ 1.18). 
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APPENDIX E.  EXTERNAL PEER REVIEW—SUMMARY 
OF COMMENTS AND DISPOSITION 



The Toxicological Review and IRIS summary for vinyl chloride have undergone both 
internal peer review performed by scientists within EPA and two formal external panel peer 
reviews. Comments made by the internal reviewers were addressed prior to submitting the 
documents for external peer review and are not part of the appendix.  The external peer 
reviewers were tasked with providing written answers to general questions on the overall 
assessment and on chemical-specific questions in areas of scientific controversy or uncertainty. 
A summary of comments made by the external reviewers at the first panel meeting based upon 
questions posed to them and EPA’s response to these comments are presented below. A 
summary of the second panel meeting is given in Appendix E-1. 



(1) General Question 



A. Are there any other data/studies that are relevant (i.e., useful for the hazard 
identification or dose-response assessment) for the assessment of the adverse health effects, 
both cancer and noncancer, of this chemical? 



The 11 external peer reviewers offered editorial comments and many minor but valuable 
suggestions, all of which have been considered for incorporation into the text to the extent 
feasible. The reviewers identified a number of publications for inclusion in the support 
document. 



Response: Copies of the publications identified by the reviewers have been acquired and the 
appropriate ones were incorporated into the summaries and the support document. 



(2) Chemical-Specific Questions Posed to Panelists 



A. Is the pharmacokinetic (PBPK) model developed for this assessment adequate for 
quantifying cancer and noncancer risk of VC exposure? 



Several questions regarding the adequacy of the model were discussed. An aspect of 
considerable discussion concerned whether the use of a two-pathway model is an improvement 
over previous models using a single metabolic activation pathway.  Several individuals felt that 
it was not an improvement over the single-pathway models because the lower dose ranges, 
where the low-affinity pathway produces few metabolites, are of greatest human interest. It was 
also pointed out that there is little evidence for a second metabolic activation pathway in 
humans. The general feeling was that a two-pathway model was an unnecessary increase in 
complexity but nevertheless acceptable. 
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One reviewer questioned the use of an undocumented model when models published in the 
peer-reviewed literature were available. However, it was pointed out that both the present model 
and one published by Reitz et al. in 1996 predicted similar internal dose measures. 



The possibility that the active metabolite chlorethylene oxide (CEO) formed in the liver 
could migrate to other tissues was discussed. It was concluded that because of its reactivity this 
was unlikely to occur. It was also concluded that other tissues (brain, kidney, etc.) may have a 
limited metabolic capability, but it was likely to be small in relation to the liver. Because of 
these conclusions it was generally agreed that modeling concentration of CEO in the liver was an 
acceptable approach to assess risk from VC exposure. 



In general, the reviewers felt that although use of the model presented some uncertainties 
that require discussion in the Toxicological Review, it is a fairly standard model and its use for 
quantitating risk will lead to acceptable potency estimates. 



Response: Use of the two-pathway model was retained. While assumption of a second pathway 
in rats and mice (a second pathway is not assumed for humans in the model) may be 
unnecessary, its inclusion is not considered likely to introduce errors in estimating liver 
concentration of the active metabolite. 



The PBPK model used for VC is an adaptation of a model published earlier for vinylidene 
chloride, and its use for estimating cancer risk from VC exposure has been described in the 
literature. Thus, it is not considered to be undocumented. 



B.  Should human data be used to quantitate risk, and if not, were the animal studies 
selected the proper ones? 



Two reviewers believed that human data were adequate. Three studies were cited as being 
useful for this purpose and the possibility of obtaining unpublished data was alluded to. This 
data, however, has not been provided to EPA to date. Several others believed that an attempt 
should be made to evaluate human data further to determine its possible use for either 
quantitating cancer risk or confirming the animal-based risks. On the other hand, the only 
epidemiologist among the reviewers believed that human exposure levels are too uncertain to 
base human risk upon epidemiology data. There was general agreement that the correct animal 
studies were selected. 



Response: Published epidemiology studies have a considerable uncertainty. In the largest and 
best documented one, the mean age of the cohort was only 54 years. The development of liver 
tumors in an unknown additional number of subjects can therefore be anticipated. The subjects 
worked in a number of different facilities in different countries, so exposures varied and were 
very uncertain. Uncertainty is also increased because of the small numbers of subjects with liver 
tumors in many of the cohorts. 



On the other hand, a large number of animal studies have been carried out utilizing a wide 
range of doses. Both oral and inhalation studies of suitable quality are available.  The primary 
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tumor site, the liver, is relevant to human response. Two species, mice and rats, have been 
shown to have similar susceptibilities, increasing confidence that responses may be similar 
across species. 



While the animal studies used to quantitate risk did not utilize neonates, the animals were 
exposed prior to adulthood. Other studies using neonates provided evidence regarding early life 
sensitivity not available in the human epidemiology studies. Epidemiology studies also provided 
no information regarding possible sex differences in sensitivity. 



Although the decision was made to base cancer risk upon animal data, potency estimates 
based on epidemiology data are used as support for the recommended values. 



C. Are neoplastic nodules reported in the Feron et al. feeding study and/or hepatomas 
reported in the Maltoni et al. inhalation studies appropriate for inclusion in the data sets 
used for cancer risk assessment? 



Four reviewers, including the only animal pathologist on the panel, believed that neoplastic 
nodules reported in the Feron and Til studies should be included in cancer quantitation. Two 
reviewers disagreed and four did not comment. The dissenters felt that liver angiosarcoma was 
the primary endpoint in humans and should be used for quantitation, and that inclusion of all 
liver tumors would result in an overestimation of cancer risk. Those favoring inclusion of 
nodules believed that the nodules have the potential to progress to malignancy and should 
therefore be counted. There was general agreement that hepatomas should be included only if 
increases were statistically significant. 



Response:  Both angiosarcomas and hepatocellular carcinomas are induced by VC in the animal 
as well as epidemiology studies. Because neoplastic nodules, according to pathologists, are 
tumors (adenomas) and are capable of progressing to carcinoma, it was deemed appropriate to 
include them. Hepatocellular tumors were also considered appropriate in assessing risk on the 
basis of the inhalation studies. Although their numbers were not statistically significantly 
increased in the inhalation studies, they are considered to be associated with VC exposure 
because they were significantly increased in the oral studies. As there are few of them, however, 
their effect upon cancer potency is minimal. 



D. If all liver tumors were included, is risk likely to be overestimated, or would the tumors 
counterbalance a possible underestimate of total risk due to possible induction of tumors at 
other sites? 



Three of the reviewers believed that including all liver tumors would result in an overestimate of 
cancer risk. Two felt that it might address the possibility of tumor induction at other sites. The 
other reviewers were either uncertain or had no opinion. 



Response: There is evidence from both the animal feeding studies and epidemiology studies 
that hepatocellular tumors as well as angiosarcomas are induced by VC. On this basis, the 
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inclusion of all liver tumors, even from studies in which hepatocellular tumors were not 
significantly increased, is considered to be appropriate. 



E.  Do the confidence statements and weight-of-evidence statements present a clear picture 
and accurately reflect the utility of the studies chosen, the relevance of cancer as well as 
noncancer data to humans, and the comprehensiveness of the database? 



The answers were generally yes, although one reviewer suggested that we should make an 
effort to collect all human data, including unpublished data. 



Response:  Attempts have been made to collect additional human data, however such data are 
found to be unpublished or of questionable use for quantitating risk. 



F.  Because the model accounts for metabolic rate differences among species and provides 
an estimate of the steady-state concentration of the active metabolite (chlorethylene oxide) 
in the liver, do we still need a scaling factor, i.e., a metabolic rate adjustment? 



Six reviewers believed that no surface area correction is required in quantitating cancer risk 
if the PBPK model is used. Two agreed that there should be one, and the others made no 
comment. The reviewers that believed a surface correction should be included were concerned 
that the model accounts for dosimetric considerations, but does not account for possible 
toxicodynamic differences among species. 



Response: In other assessments, a body surface correction, or metabolic scaling factor, has 
been applied to account for the fact that laboratory animals, which are smaller than humans, have 
a correspondingly higher metabolic rate and thereby are predicted to detoxify a chemical faster, 
resulting in a smaller steady-state concentration of the chemical at the target site. The PBPK 
model for VC was developed to predict the steady-state concentration of the active metabolite at 
the target site. The model included metabolic rate factors. Also, epidemiological studies support 
the conclusion that humans are less sensitive than rodents; therefore applying a scaling factor 
would render the results overly conservative. An additional surface area correction is thus 
considered to be inappropriate. 



G. For the RfD and RfC, has the most appropriate critical effect been chosen (i.e., effect 
occurring at the lowest concentration)? 



The pathologist present on the panel recommended the use of liver cell polymorphism and 
bile duct cysts as the most appropriate endpoints for quantitating noncancer risk. Other panel 
members, with one exception, agreed. These endpoints were recommended rather than liver 
necrosis, which was used in the draft document, because they occur at lower exposure levels 
than liver necrosis, they are not considered to be preneoplastic, and they are indicative of liver 
toxicity. One reviewer recommended the use of basophilic foci because they are noted at an 
even lower concentration than are polymorphisms. 
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Response: The change to utilization of liver cell polymorphism and bile duct cysts was agreed 
to and appropriate changes have been made in the noncancer risk estimates. Use of basophilic 
foci was rejected because it was pointed out that this endpoint may be a precursor to cancer and 
is thus not appropriate for use in development of RfC or RfDs. 



H.  Were the appropriate studies used for development of the RfD and RfC? 



The Til et al. (1991) study in which liver cell polymorphism was identified as the critical 
endpoint was also recommended for development of the RfC rather than available inhalation 
studies. This recommendation was made because the critical endpoint was detected at a much 
lower concentration than any endpoints reported in inhalation studies, and pharmacokinetic data 
indicate that accurate route extrapolation is feasible. The Til et al. (1991) study is of higher 
quality than available inhalation studies, and it is of chronic duration, unlike the inhalation 
studies. The reviewers generally felt comfortable using a route extrapolation because VC is 
well absorbed by both routes, the liver is the primary target organ by both exposure routes, and 
use of the oral study to derive an RfC results in at least as conservative an assessment of risk as 
use of a lower quality inhalation study. One reviewer believed that the Bi et al. (1985) inhalation 
study is adequate for derivation of an RfC despite the fact that it is a subchronic study and the 
data were unsuitable for derivation of a benchmark dose. 



Response:  The recommendation regarding the use of the Til et al. study has been agreed to and 
appropriate changes have been made to the documents. Route extrapolation results in a 
conservative estimate of risk because essentially all vinyl chloride taken up via the oral route 
will pass through the liver first. It is thus very unlikely that an equivalent inhaled dose will 
result in a greater liver concentration of VC. Use of the Bi et al. (1985) study was not agreed to. 
The study is of only subchronic duration, it is of lower quality than the Til et al. (1991) study, 
and it identified a considerably higher NOAEL.  It was, however, used to support the 
recommended RfC. 



(3) Additional Comments by Panelists 



A. One reviewer recommended combining the Til and Feron oral studies for estimating 
cancer potency. 



Response:  Combining the studies was not considered to be appropriate because the Til et al. 
study, while similar in design to the Feron study, was not concurrent and used very low doses 
with only a very marginal and not statistically significant response. 



B.  Some reviewers recommended that the high dose in the Maltoni et al. rat and mouse 
studies be eliminated from the data sets used to estimate cancer potency because the 
concentrations were well above those required for saturation of activation pathways. 



Response:  These dose groups were retained because the PBPK model was designed to account 
for metabolic saturation, and a larger data set will decrease the uncertainty in estimating the unit 
risks. 
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C. Liver metabolism may change with time. 



One reviewer was concerned that the PK model did not account for possible changes in 
rate of liver metabolism through the animal’s lifetime. These changes could occur either through 
aging or liver injury. Other panel members, however, did not believe that either aging or liver 
toxicity were likely to result in sufficient changes in liver metabolism to result in significant 
dosimetry errors. 



Response: Although this is of concern, data were available indicating that liver metabolism 
normally did not show large changes with aging, and few of the doses were expected to induce a 
level of toxicity that would alter metabolism greatly. Nevertheless, exposure to the highest 
concentrations may approach maximum tolerated doses and result in altered liver metabolism. 



D. A range of cancer potency estimates may be more appropriate than the 
recommendation of a point estimate of risk. 



One of the reviewers felt that the degree of uncertainty precluded recommendation of a 
point estimate of cancer risk. 



Response:  The uncertainty in estimating cancer potency of VC is less than that for many 
chemicals evaluated by EPA, for several reasons. Considerable pharmacokinetic data are 
available in both animals and humans, allowing accurate determination of active metabolite 
concentrations at the target site. There is site concordance for tumors in laboratory animals and 
humans. Cancer potency estimates are supported by epidemiologic data. 



E. Use of animal data results in an overly conservative estimate of risk. 



Some of the reviewers believed that development of cancer risk estimates based upon 
animal data overpredict risk because estimates based upon human data result in considerably 
lower estimates. 



Response: It is true that the animal data predict greater risk. However, the cohorts used in the 
epidemiology studies were generally healthy adult males. Risk may be greater during early-life 
exposure and among sensitive populations because of genetic factors, health status, etc. 
Moreover, as noted previously, exposures in the epidemiology studies were very uncertain. 
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APPENDIX E-1. SECOND EXTERNAL PEER REVIEW— 
SUMMARY OF COMMENTS AND DISPOSITION 



Because of certain issues raised by the EPA consensus reviewers, a second expert peer 
review panel was convened June 2, 1999. The consensus reviewers were concerned about the 
complexity of the PBPK model and the fact that use of a PBPK model was a relatively new 
approach being attempted by EPA. As a result, some felt that the model needed additional 
review. Other concerns were related to the possible need for an adjustment to account for 
species differences in toxicodyanamics and whether the unit risk estimates adequately accounted 
for possible tumor induction at nonliver sites. The panel was also asked to review two major 
new studies: a CMA reproductive/developmental study (1998a, Vinyl chloride combined 
inhalation two-generation reproduction and developmental toxicity study in CD rats. Final 
Report) and a CMA epidemiological study (1998b, Epidemiological study of men employed in 
the vinyl chloride industry between 1942 and 1972: I.  Re-analysis of mortality through 
December 31, 1982, and II.  Update of mortality through December 31, 1995. Final Report). 



(1) General Questions Posed to the Panelists 



A. Are there any other data/studies that are relevant (i.e., useful for the hazard 
identification or dose-response estimation) for the assessment of the adverse health 
effects, both cancer and noncancer, of this chemical? 



The panel concluded that the EPA document was an excellent survey of the vinyl chloride 
literature. However, some additional studies, mostly very recent ones, were identified by the 
reviewers that merit review by EPA and inclusion in the documents. Some of the important ones 
are listed below. 



An important paper by Swenberg et al. (1999) corrects a previously reported error that 
etheno adducts are highly persistent (Swenberg et al., 1992). As methods improved, etheno 
adducts were found to be endogenous (present in unexposed control animals and humans) and 
that what had appeared to be the presence of highly persistent etheno adducts was actually a 
return to background levels following cessation of exposure. This finding is significant because 
it provides evidence that DNA adducts formed by reactive metabolites of VC are additive to the 
endogenous DNA adduct levels, supporting a low-dose linear model for liver DNA adduct 
formation. Furthermore, a reasonable correlation, consistent with the known metabolism and 
genotoxicity of VC, is found between rat liver DNA adduct formation, the reactive metabolite 
concentration predicted by the PBPK model in the document, and incidence of rat liver tumors 
from the Maltoni et al. (1981, 1984) inhalation study. 



An epidemiology study from Japan (Du and Wang, 1998), wherein 2,224 workers had 
occupational exposure to vinyl chloride monomer (VCM), provides additional support for liver 
toxicity and cancer, but also lacks exposure data and notes a correlation of liver toxicity with 
hepatitis B infection. Some of the key points in the paper of Storm and Rozman (1997), i.e., that 
humans are less sensitive to the carcinogenic effects of vinyl chloride than are rats and that 
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reduced occupational exposures have successfully eliminated VC-induced liver angiosarcoma, 
should be addressed. 



Response:  Copies of the publications identified by the reviewers have been acquired and 
incorporated into the summaries and/or the support document. 



B.  Appropriateness of the noncancer critical effect(s). 



The panel agreed that hepatic toxicity is the most appropriate endpoint for RfC/RfD 
development. These effects occur at the lowest dose, have been shown in many studies, and 
demonstrate site concordance between animal studies and occupationally exposed humans. In 
addition, these effects are consistent with known mechanistic, pharmacokinetic, and metabolic 
information. However, there was some disagreement regarding the appropriate endpoint for 
identifying liver toxicity. While the majority agreed that liver cysts and liver cell 
polymorphisms, which are not considered to be precursors to cancer, are the most suitable 
endpoint, one reviewer felt these arbitrary morphological endpoints were overly conservative 
because it is unclear whether the cells progress to become necrotic or whether the effects are 
reversible. Another reviewer stated that preneoplastic liver findings should be included as an 
adverse effect in the RfC/RfD derivation (i.e., NOAELs should not be limited to noncancerous 
endpoints). Under those circumstances, basophilic foci would be utilized as the critical 
endpoint. 



Reponse: Because liver cell polymorphism is the noncancer toxic effect noted at the lowest 
concentration, this endpoint was retained for the determination of RfC/RfD. According to 
present EPA methodology, endpoints that may progress to cancer, such as basophilic foci, are 
not considered suitable for noncancer quantitation. Although there is no absolute proof that all 
liver cell polymorphisms progress to become necrotic, they are nevertheless considered to be 
abnormal, and it is preferable to err in the direction of conservatism. 



C. Appropriateness of the endpoints selected for quantitating cancer risk. 



The panel agreed that liver tumors and angiosarcomas were the most appropriate endpoints 
for the cancer risk assessment. The inclusion of liver neoplastic nodules in the tumor count was 
considered to be overly conservative by one reviewer because these lesions regress with 
cessation of exposure and not all progress to carcinomas, even in the face of continued exposure. 



A question was raised as to whether there was an overestimation of risk by adding together 
tumor types of different embryological origin (i.e., liver cells are of endothelial origin whereas 
angiosarcomas are derived from cells originating in the mesodermal cell layer).  EPA was asked 
to address this point in the document. 



Response:  While not all neoplastic nodules may progress to cancer, it is considered preferable 
to err on the side of conservatism. It is true that hepatocellular carcinoma and liver 
angiosarcoma have different origins. However, according  to standard EPA methodology, when 
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tumors are significantly increased at more than one site (or more than one tissue type), animals 
with either of these tumors are included in the quantitation. 



D. Have the most appropriate studies been utilized as the basis for the noncancer and 
cancer assessments? 



The panel agreed that the most appropriate studies have been chosen. 



Response:  No changes were made in the studies selected for quantitating risk. 



E. Are the supporting studies used sufficient and appropriate? 



Even though supporting/additional studies were considered sufficient and appropriate, 
several inconsistencies were noted between the IRIS summaries and the Toxicological Review. 



Response: The inconsistencies have been corrected. 



F.  Consideration of other data for the uncertainty factors or the modifying factors for 
the noncancer assessments. 



The panel was not aware of other data. 



Response:  Consideration of other data is considered unnecessary. 



G.  Accuracy and clarity of confidence statements and weight-of-evidence statements. 



These statements were considered to be appropriate. It was suggested that confidence in 
the RfD be increased to medium-to-high. One panel member took exception to the statement 
that VC is shown to be a human carcinogen by the oral route; the data only show VC to be a 
human carcinogen by the inhalation route. One reviewer suggested that EPA could better 
support the risk estimates based on animal data by incorporating some of the information from 
the risk estimates based on epidemiological data from Appendix B in the discussion of 
confidence in the oral and inhalation carcinogenicity. 



Response: The medium confidence in the RfD is retained because our confidence in the database 
is medium to high, and our confidence in the qualitative aspects of the PBPK model is less than 
high. The discussion regarding carcinogenicity has been altered. VC is now considered to be a 
human carcinogen by the oral route because of positive animal bioassay data by both the oral 
and inhalation route, positive human studies by the inhalation route, site concordance for tumors, 
high degree of absorption by both routes, etc.  Some of the information regarding estimates from 
epidemiology data has been incorporated in the confidence statement. 



(2) Chemical-Specific Questions Posed to the Panelists 



A. Is the PBPK model used suitable for quantitating both cancer and noncancer risk? 
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The panel agreed that the PBPK model is the appropriate approach for assessing potential 
human risks from exposure to vinyl chloride. The two-pathway model adequately describes the 
underlying biology, although the low-affinity pathway (other CYP, non-2E1 enzymes) is more of 
an academic interest and does not significantly contribute to the low-dose extrapolation because 
only the high-affinity pathway (CYP2E1) would be operable at the low doses. The human 
model appropriately uses only one CYP pathway. The panel agreed that the average daily dose 
of the metabolite (mg metabolite/L liver/day or “RISK”) in the liver is a reasonable dosimeter. 
However, the experts in PBPK modeling made one important recommendation. It was suggested 
that the Km value for the high-affinity pathway estimated in the human model (value of 16 µM in 
the document) should be reevaluated based on in vitro human data or estimated from the 
available animal data. It was recommended that the Km be the same as that used in the animal 
model for VC. A larger value is not supported because large species differences in rates and 
substrate specificity of CYP2E1 have not been described in the literature. Metabolism of most 
2E1 substrates is limited by hepatic blood flow (which varies approximately by twofold) 
delivering the substrate to the liver, and thus, large variations (e.g., tenfold) between individuals 
in metabolic rate would not be likely. The other input parameters appear to be appropriate. 



Response: The Km for human metabolism was changed to that used in the animal models. The 
quantitative estimates were adjusted accordingly. 



B. Should a new reproduction study published since the last review be used to 
quantitate noncancer risk? 



An overview of the developmental and two-generation reproductive toxicity tests, which 
were reported subsequent to the first IRIS peer review panel for vinyl chloride in 1997, was 
presented (CMA, 1998a,b). The studies were well conducted and adequately summarized in the 
Toxicological Review. Although an error in the Toxicological Review on the incidence of 
acidophilic foci was noted, the panel concurred with the parental (systemic effects) NOAEL (10 
ppm) and developmental and reproductive NOAELs (1,100 ppm). The basis for the increased 
incidence of altered hepatocellular foci in the P2 generation as increased susceptibility of the 
fetal or neonatal animals or increased exposure duration of the P2 generation could not be 
determined, but was adequately discussed in the document. 



The panel agreed that the RfD/RfC should be based on the lifetime Til et al. study (1983; 
1991) and that the results of the two-generation study do not call for a change in the RfD. The 
addition of the reproduction study strengthens the database, but the high quality of the Til et al. 
study and the toxicity observed at the lower doses in this study justify its selection as the 
principal study for the RfD/RfC. The liver centrilobular hypertrophy and increased liver weight 
in the reproductive/developmental study may be an adaptive response, but several panel 
members stated that they considered it minimally adverse. 



Response: No changes were made in the studies used to develop the RfC/RfD. 



C. Is the use of a route-of-exposure extrapolation suitable to derive an RfC using the 
feeding study reported by Til et al. (1983, 1991)? 
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The panel agreed that it was reasonable to use the PBPK model to extrapolate from the oral 
to the inhalation route using the metabolite formed in the liver as the dose surrogate (“RISK”). 
The critical effect is a systemic effect, and the observation of hepatic toxicity at lower doses in 
the oral studies is consistent with the known distribution of blood flow and physiology in 
animals. Blood flow and other physiological differences between routes are accommodated by 
the PBPK model. The sensitivity and Monte Carlo analyses account for the uncertainty in oral 
absorption rate (KA), which may have a significant impact on “RISK.” One reviewer noted that 
EPA needs to assure that lung toxicity is adequately described to rule out portal-of-entry effects 
for the RfC. 



Response: Lung toxicity will be described. 



D. Should a body surface area correction be employed to account for species differences 
(e.g., toxicodynamic differences) not accounted for by the model? 



It is appropriate to use a surface area adjustment to account for differences in physiology 
(toxicokinetics), but not for differences in susceptibility (toxicodynamics). For VC, the panel 
stated that a body surface area correction is not justified because it would “double count” 
physiological factors that are already accommodated by the PBPK model.  Furthermore, an 
assumption of equal sensitivity across species (not greater sensitivity of humans) seems 
reasonable for vinyl chloride, and there is no scientific basis for an additional adjustment for 
toxicodynamics. In fact, it was suggested that if a dynamic adjustment was made it should be a 
factor of less than 1 rather than greater, based upon evidence that humans are likely to be less 
sensitive to cancer induction by VC than are laboratory animals. It was also pointed out that a 
conservative adjustment is already included by the use of a 95% upper confidence limit. 



Response: A body surface correction was not incorporated in the dose-response estimates for 
cancer. 



E.  Is a threefold adjustment (or some other value) appropriate to account for the 
possibility of tumors at sites other than the liver? 



The panel felt that an additional UF of 3 to account for the possibility of tumor induction at 
sites other than the liver is neither justified by the data nor supported by the discussion in the 
Toxicological Review. Because nonliver tumors in epidemiological and animal studies are 
sporadic and do not show statistical significance or a dose-response relationship, it is difficult to 
scientifically support an additional threefold quantitative adjustment to a potency estimate that is 
based on the most sensitive tumor endpoint well supported by mechanistic information. The 
discussion of possible sex differences in tumor induction at sites other than the liver in rodents 
does not necessarily mean differences are expected in humans. Apparent sex differences are 
more pronounced in rats compared to other species, or may be related to different compartment 
sizes between males and females. 



One suggestion was for EPA to combine tumors for all sites and perhaps put an upper 
bound on the potency estimate. The panel members understood EPA’s attempt to be prudent and 
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protective of human health, but agreed that if EPA feels the need to retain this UF, then it should 
be better supported and indicated as an expert judgment call due to database deficiencies such as 
inadequate exposure information, or stated as a policy decision. 



Response: The threefold uncertainty factor was eliminated. 



F.  Is a twofold adjustment for early life exposure appropriate? 



Some of the reviewers agreed with the use of a twofold adjustment, but not for the reasons 
cited in the document. The evidence for a greater sensitivity during early life is at best 
suggestive and the basis is unknown. While it is possible that neonatal animals may be more 
sensitive (i.e., increased response to the same tissue dose), the increased tumor incidence might 
also be due to a greater internal dose for the weanling relative to the adult for the same 
administered dose, increased potential exposure time, and/or increased expression time for 
tumors. Use of a small adjustment might be appropriate, but needs to be articulated by EPA as a 
prudent decision based on the above exposure considerations, or based on policy.  It was 
suggested that if an adjustment for early-life exposure were to be made, then it should be based 
on dosimetric considerations. 



Other reviewers felt the twofold adjustment to potency to account for additional 
exposure/expression time for exposed children does not appear to be justified on the basis of the 
marginal quality of the studies cited, metabolic differences in young vs. adult animals, and large 
species-specific differences in developmental biology and hormonal signaling. 



Response:  Although the evidence is not definitive, it appears that laboratory species are more 
sensitive to cancer induction by VC when exposed very early in life. Such data are not directly 
translatable to humans because rats and mice are less mature at birth. Metabolic pathways, DNA 
repair mechanisms, etc. may be less developed. Nevertheless such data are strongly suggestive 
of early-life sensitivity. Furthermore, dose per unit body weight will be greater in the very 
young. For example, infants have a very high intake of liquids. Finally, exposure during early 
life allows more time for tumor development. For these reasons it was considered prudent to 
retain the twofold adjustment. The justification, however, was changed to include dosimetry 
considerations. 



G.  Do the epidemiological studies published prior to the CMA (1998b) study provide an 
adequate basis for the cancer dose-response assessment? 



The majority of the panel agreed that epidemiology studies published prior to the CMA 
study do not present adequate exposure characterization for dose-response assessment. Further, 
results are equivocal for a causal association with tumors at sites other than the liver. The 
Simonato et al. study had a reasonable number of liver cancer deaths where exposure was able to 
be estimated. This study, however, included workers from several European factories, with 
possible wide variations in exposure levels. In the Fox and Collier study, there were only four 
men with liver cancer and estimated exposure; the Jones et al. study included seven deaths from 
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liver cancer with information about duration of exposure, but the small number of cases resulted 
in wide uncertainty bands for relative risk. 



The animal data are adequate and reliable as the basis for the dose-response. The site 
concordance between humans and animals for the major tumor site and the relative consistency 
between the human exposure-response and animal dose-response predictions increase the 
confidence in the overall risk assessment. An update of the Simonato study (European cohort) is 
expected near the time of completion of this document. It was not known whether there will be 
additional information to update the previous exposure-response analysis. More studies are 
needed in the area of human exposure assessment. 



Most of the panel members felt the human data could be used to quantitatively provide 
bounds for risk estimates for hepatocellular tumors and angiosarcomas of the liver (i.e., a 
“reality” check), and to support the animal data as presented in the Toxicological Review (i.e., 
Appendix B). Even though the estimated exposure histories may only be accurate to within an 
order of magnitude, and considerable variation is expected in exposure levels among jobs, 
plants, and employment periods, it is possible to compare the estimated exposure-response in 
male workers (liver cancer/ angiosarcoma) with the dose-response seen in animal studies. The 
agreement between the VC animal data and epidemiological data is extremely important and 
helps evaluate the plausibility of the risks predicted on the basis of the animal data. However, 
acknowledged problems of estimating exposures would tend to limit the usefulness of the human 
data without the available animal data. The wide bounds for the relative risk estimates, because 
of the small number of liver cancer cases in most cohorts, magnify the level of uncertainty. 



One panel member thought that if the human exposure estimates were not considered 
accurate, they should not be used for comparing exposure-response with those derived from 
using animal data. 



Response:  EPA agrees with the majority opinion of the panel and continues to rely on animal 
data for recommended risk estimates. 



H. Does the CMA study provide adequate exposure characterization to quantitate 
humans’ risk for liver cancer? 



A brief review of the CMA epidemiological study (1998b) was presented to the panel. 
The re-analysis and update of the analysis of the cohort mortality were well conducted, the 
discussion of the results was complete, and there were no major differences in opinion with the 
author’s interpretation of the results. Although the study results add to the overall weight of 
evidence, there were no exposure data (analyses were based on relative duration of 
employment), precluding use of this study for dose-response assessment. The study confirms the 
strong causal association of vinyl chloride with liver cancers, especially angiosarcoma of the 
liver. Results suggest a possible association with brain cancer and connective and soft tissue 
cancers. However, caution was urged in the interpretation of these two associations. A casual 
interpretation is not possible with the current epidemiological evidence. The study found no 
excess in mortality for lung cancer, cancers of the lymphatic and hematopoietic system, or 
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emphysema and pneumoconioses and other respiratory diseases (the category that includes 
chronic obstructive pulmonary disease); each of these causes showed mortality deficits.  One 
limitation of this study, as well as of most other VC epidemiology studies, is the inability to 
assess breast cancer risks for women.  Few women have been occupationally exposed to VC. 
The study did consider breast cancer risks in men; for the period 1942-1995, two deaths were 
attributed to breast cancer (SMR = 190; 95% CI=23-687).  This SMR is statistically unstable 
and provides no useful information to evaluate breast cancer risks in women. 



Response: EPA is in agreement with the panel findings. 



(3) Additional Comments on Issues Deemed Important by the Panelists 



A. It was suggested that use of a tenfold UF for intra-individual variation (sensitive human 
subpopulations) is overly conservative because differences in rate of  hepatic blood flow (~2-
fold) and metabolic enzyme activity (e.g., CYP2E1) do not vary by that magnitude.  For 
example, a simulation of a fivefold increase in enzyme induction (Vm) led to only a 50% 
increase in VC metabolite formation (“RISK”) in the liver.  Thus, a threefold (or less) UF should 
be sufficiently protective. 



Response:  The Agency considers this analysis and proposal to have merit.  However, based on 
the lack of direct or indirect information on which to confirm this action, the tenfold UF will 
remain.  The Agency notes this suggestion and shall pursue this venue in subsequent 
assessments. 



(4) Panel Recommendations 



The panel felt the document was of high quality and contained most of the relevant 
information, and that EPA should be commended for this Toxicological Review.  Based on their 
reading and analysis of the information provided, the panel agreed that their overall 
recommendation for the IRIS materials is: acceptable with minor revision. 



(5) Observer Comments 



A.  The statement that the epidemiologic evidence is suggestive for cancer of the brain 
and lymphopoietic system is an overinterpretation of the studies. 



Excess brain cancers or other tumors, with the exception of liver angiosarcomas, are not 
related to VC exposure.  According to reviews by Doll and by Blair (NCI), VC is associated only 
with angiosarcomas. These tumors are due to high occupational exposure levels that have not 
existed for a couple of decades. 



Response: The discussion was modified to eliminate “highly suggestive,” but there is still some 
concern because, while increases in relative risk were considerably smaller than for liver cancer, 
they were still statistically significant in the CMA cohort. 
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B. The use of an arbitrary threefold UF for cancer potency is not warranted because 
animal and human potencies are similar. 



It is not justified on a scientific basis and it is not consistent with EPA’s current practice to 
use UFs to adjust potency. 



Response:  The threefold UF has been eliminated. 



C. Exposure data can be estimated from the human studies to within an order of 
magnitude. 



More can be done with the human data in the Toxicological Review to bound the cancer 
estimates. There is greater uncertainty in using the animal data. 



Response: EPA epidemiologists as well as epidemiologists on both expert panels concluded that 
the epidemiologic data were too uncertain to base a quantitative risk estimate on. Although 
exposure may be estimated within an order of magnitude, the uncertainty in relative risk 
estimates, due to small numbers of liver tumors, will magnify the uncertainty. 



D. Calculations in the Toxicological Review need to be checked when the twofold 
uncertainty factor is applied. 



It appears as if these calculations have been applied twice in the summary sheet. 



Response: All the risk estimates have been recalculated because of the change in the km value. 
Any errors in the twofold factor have been corrected. 



E. There may be some justification for use of other tumors to estimate an upper bound. 



Response:  Induction of liver tumors, both hepatocellular tumors and angiosarcomas, has been 
the most consistent response to VC exposure. Because the liver is the most sensitive site and VC 
is activated by the liver, there is little justification for use of other tumors to estimate an upper 
bound. The panel indicated that protection against liver cancer will also protect against induction 
of other tumors. 
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